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ABSTRACT

A main feature of the Clean Cod Technologies IV Demondtration program at New Y ork State Gas and
Electric Company’ sMilliken Station isdemondtration of retrofit SO, and NO, control sysemswhich have
minmum impact on the overdl plant heat rate. As part of the new system design, the origina rotary
regenerative air heaters on the Unit 2 boiler were replaced with heet pipe air heaters. Use of the heat pipe
ar heaters offered the potentia of improving plant heet rate by: (1) dlowing operation a lower flue gas
outlet temperatures than the existing air heeters, and (2) eimination of combustion air leskage within the
ar heater which reducestheoveral systemfan power requirements. Thisreport providesacomprehensive
review of the air heater performance during thefirst 3.3 years of operation. Mgor areas covered include:
mechanica design, materias selection, equipment layout, performance testing and performance, operating
problems and solutions, and performance benefits.



1.0 EXECUTIVE SUMMARY

1.1 Program Goals and Results

A main god of the Department of Energy’s (DOE) Clean Cod Technologies|V test program at the New
York State Gas & Electric Company’s (NY SEG) Milliken Station is to demonstrate overall pollution
abatement with increased energy efficiency. Toreduceplant air emissions, SO, and NO, control systems
wereretrofitted on both the Unit 1 and Unit 2 boilers. Innovative technologies, such asthe use of hest pipe
ar heaters on the Unit 2 boiler wereincorporated into the design to lessen theimpact of the new emission
control systems on the overd| plant heet rate. The heat pipe air heaters were designed and manufactured
by ABB Air Preheater Inc. (ABB API) of Wdlsville, New Y ork. Expected benefits of replacing the two
origina Ljungstront® regenerative air heaters on the Unit 2 boiler with the heat pipes included: (1) higher
heat recovery by dlowing operation a a lower effective flue gas outlet temperature than the origind air
heaters, and (2) reduction in the overdl boiler and flue gas desulfurization (FGD) system fan power
requirementsby elimination of theair leakageinherent in the design and operation of Ljungstromaair heeters.

Detalled tests and andyses indicate that the therma performance of the heat pipesis about the same asthe
origind ar heaters. The god of a20°F reduction inthe effective air heater flue gas outlet temperature was
not achieved. However, the use of the heat pipe exchangers successfully reduced air heater leakageto near
zero levels. Thisisimproving the boiler heet rate by greetly reducing the fan power requirements for the
system. At full boiler load, thefan power savings comparing Unit 2 with Unit 1 averaged 778 KW or about
0.49% of the gross load.

Cold-end fouling of the heet pipes is the main operating concern.  The fouling reduces the therma
performance and increases the gas side pressure drops with time. Normally, the heat pipes must be
washed every sx months to remove cold-end deposits. Based on the most recent operations, there are
indications that the period between washes at the Milliken Station can be extended by limiting the minimum
boiler low load to about 80 MW. This practice helps to avoid excessively low cold-end temperatures at
lower loads which increase fouling.

1.2 Initial Performance Problemsand Solutions

The heat pipe ar heaters were put into service in December 1994. The initid operations indicated that
performance was sgnificantly below design. The cause was traced to problems with the inlet air flow
digtribution to the heat pipes and to the use of impure naphthaene heat trander fluid in some of the high
temperature tubes. The naphthaene problem was due to suppliers not meeting the ABB AP purity
specifications. Andyds of heat pipe tube contents indicated that ngphthdene contaminants had
decomposed forming mixtures of noncondensing gases composed of hydrogen, carbon dioxide, and
ethylene. The noncondensing gases reduced the heat pipe thermd efficiency by blanketing heet trandfer
surface and by raising operating pressures and temperatures of individua heat pipes.

To solvetheair flow digtribution problem, perforated plateswere ingtdled at the discharges of the primary
ar and secondary air fans. Condenser end baffle plates were dso ingtalled within the heat pipesto force
combustion air flows away from potentialy non active heet tranfer zones into active zones.



The decomposition of ngphthaene contaminants is believed to be a one time occurrence. Therefore, to
remove the noncondensing gases, ABB AP ingdled fill nipple vaves on al the ngphthdene tubes. The
heat pipetubeswerethen re-evacuated under cold conditionsand vented under hot conditions. After these
changeswere made, performancetestswere conducted during May 1996 and November 1996. Thetests
demonstrated that the hest pipeswere meeting the design pressure drops and that thetotd air leskageinto
the flue gas Sde of the air heaterswas low, averaging 3.0 wt. % and 1.6 wt. % of theinlet flue gasflow for
the 2A and 2B hest pipes, respectively. The heat pipes were, however, designed to have zero percent air
to flue gasleskage. Sincethe condructionisal welded, it isunlikdy that the combustion air islesking into
the lower pressure flue gas section. Rather, air infiltration a man way door sedls and at sootblower wall
penetrations is mainly responsible for the very small measured leak rate. For practical purposes, the heat
pipes are zero leak air heaters and are consdered to have met this design guarantee.

1.3 Heat Pipe Air Heater Thermal Performance

The ASME Code procedurefor testing air heaterswasfollowed to provide acons stent eval uation method
agreed upon by both the purchaser and supplier. The therma performance of the heat pipes, while
reasonably good, did not meet the design guarantees. For the May 1996 tests, the totdly corrected flue
gas outlet temperature for the 2A heat pipe was 17°F-18°F above the 253°F design temperature and for
the 2B hest pipe was 12°F above the design. For the November 1996 performancetests, the differences
were dightly higher at 20°F-23°F for the 2A heat pipe and 15°F-16°F for the 2B heat pipe. Based on an
anaysis done by CONSOL R&D, the uncertainty in these resultsis +4.4°F. These results mean that the
desired therma performance improvement of 0.5% was not achieved. Thisis based on atypica boiler
efficiency improvement of 1% for every 35°F reduction in the flue gas outlet temperature (no leak
condition) from an air heater. However, an energy loss to stack comparison indicates that the clean
condition heet pipe therma performance is equd to and no worse than the performance of the origina
Ljungstrom air hesters.

1.4 Measured Benefits of Reduced L eakage

Although the thermal performance of the new heat pipe air heaters was not better than the replaced
Ljungstromunits, the use of the heat pipes provided considerableimprovement in fan power requirements.
Thisis shown by direct comparison of the Unit 1 and 2 operating results for smilar conditions of boiler
excessar and grossload. Such acomparison isjudtified snce Milliken Units 1 and 2 are identical except
for the use of Ljungstrom air heaters with hot primary air fansin Unit 1 and heat pipe air heaterswith cold
primary air fansin Unit 2. At 100 MW and 160 MW grossload, the Unit 2 combined power requirements
for the primary air (PA), forced draft air (FD), and induced draft (ID) fans, averaged 0.67MW (900hp)
and 0.78MW (1050hp) lessthan for Unit 1, respectively. Most of the power savings can be attributed to
the lower combustion air and flue gas flows for the Unit 2 boiler due to the zero air leak operation of the
heet pipeair heaters. Thedifferencesrepresent consderable power cost savingsfor thezeroleak hest pipe
system. Assuming incremental cogtsof 2.3¢/KWh and a65% plant capacity factor, the 25-year lifecycle
power cost saving isestimated at $2.55MM. Actua power cost savingsarelikely to be greater sncethese
results have not considered power reductions for the eectrostatic precipitator and the FGD system with
optimized pumping (i.e., headers removed from service to accommodate reduced flue gas flow).



1.5 Cold-End Fouling

The main operating problem experienced with the heet pipear heaterswasflue gas sdefouling of the cold-
end tube banks. Aswith other types of utility boiler air heaters (Ljungstront® and tubular units), the heat
pipe fouling was associated with sulfuric acid condensation on heeat transfer surfaces which are below the
acid dew point. Hard fly ash deposits formed on the heet pipe tubes and fins, reducing the therma
performance and increased the flue gas Side pressure drop. The fouling was promoted by direct gas flow
impact sncetheworst fouled areas were againgt the gasflow on the top sde of thetubes. Thefouling was
localized and limited to the cold-end tube banks.

The Milliken hest pipes were designed with a triangular-pitch, staggered-tube bundle layout throughott.
The design provides high hest transfer and is compact. However, the design makesthe cold-end difficult
to clean by conventiona sootbl owing when sticky cementitiousash depositsform. For close-packed tubes,
the staggered layout quickly disspates most of the sootblower jet energy within the first two tube rows.
During the hegt pipetest program, attemptswere madeto improve the on-line cleaning of the cold-end tube
banks. An Infrafone® was ingtalled on the 2A heat pipe and four sootblower lancesin the 2B hezt pipe
were modified by replacing the sandard Bergemann ¥2" cone nozzleswith specia e venturi nozzles. The
Infrafone is a device which uses high intendty, ultra low frequency sound for the on-line cleaning of
equipment. Neither the Infrafone nor the modified sootblower lances gppeared to provide any significant
cold-end cleaning benefit over the existing sootblowers. The Infrafone operation was discontinued after
more than 300 days of service due to vibration-caused damage to ductwork and equipment.

Cold-end deposits, while a nuisance and detrimenta to plant performance, can be removed by periodic
water washing. Unlike for the Unit 1 Ljungstrom air heaters, which can be washed with the boiler on-line
at low load, cleaning of the Unit 2 heat pipesrequiresthat the boiler be shut down. Thisisbecausethe heet
pipes require some manua cleaning. At Milliken, the heat pipe air heaters are water washed
gpproximately every sx months. The best technique is to use a combination of deluge washing usng the
interna water spray headers with the air sootblowers in operation and manua washing with smal low
pressure hand lances to clean areas missed by the deluge washing.

The heat pipe performance results for the most recent six-month operating period (October 31, 1997 to
April 24, 1998) indicate that it may be possible to extend the period between washes by limiting the
minimum boiler load to aout 80 MW, maintaining flue gas flow baance between the air heaters, and by
bypassing some secondary air at off-peak load conditions. These adjustments help to prevent operation
of the cold-end hesat pipes a excessvely low temperatures. During the last Six-month operating period,
the full load flue gas Side pressure drops increased only about 1.0 in. WC compared to the norma 3-5in.
WC increase.

1.6 Conclusionsand Recommendations

The ABB AP heat pipe air heatersat Milliken are providing Sgnificant boiler operationd benefitsthrough
elimination of air leskage associated with the origindly indaled air heaters. The combined power for the
PA, FD, and ID fansin Unit 1istypicaly morethan 1,000 hp greater than that for Unit 2 under full boiler
load conditions. These resultsindicate that the use of heat pipe air heatersin cod-fired boiler gpplications
can provide sgnificant capitd and operating cost benefits, particularly for new plants where advantage can
be taken of the zero air leakage design to reduce



downstream equipment sizesfor 1D fans, particulate collectors, FGD scrubber systems, and stacks. The
Milliken Station experience showed that after the naphthal ene contamination problem was corrected, the
operation of the heat pipes was trouble free for dl but the cold-end tube modules. In order for the heat
pipe air heaters to meet their full potentia, progress must be made to improve the on-line cleaning of the
cold-end sections; otherwise, the units should be operated with higher flue gas outlet temperatures above
the acid dewpoint to avoid cold-end fouling. Possible actions to improve cold-end cleaning and reduce
fouling indude:

1 Relocate some of the upper level sootblowers to increase the number of sootblowers around the
cold-end modules. Thiswould increase the sootblower coverage. Inspections of the heat pipes
have shown that the upper level sootblowers are probably not necessary since tube metal
temperatures are above the acid dew point and the fly ash does not stick to the tubes.

2. Sdlit the eight tube row deep cold-end module into two four-tube row deep modules with alevel
of sootblowers between. This would improve cleaning by reducing the required blowing
penetration for the sootblowers.

3. Replace the staggered tube layout cold-end module with an in-line tube layout. Thiswould help
to provide deeper penetration of the sootblower jetsbut would require moretubesthan the current
staggered arrangement.

4, Replace the finned tube cold-end module with a smooth tube module. A no-fin design would
require more tubes since the heet transfer per tube would be reduced but cleaning should be easier
since there would be less support for deposit adherence.

5. Change the orientation of the sootblowers from perpendicular to the tubes to pardld with the
tubes. This would help increase sootblower penetration by providing better dignment of the
sootblower jet with the flow channels through the tube bank.

6. Reduce the flue gas SO; leve to the heet pipe ar heaters by injecting additives such as Mg(OH),
or MgO into the boiler. Reducing the flue gas SO level would decrease the acid dew point and
alow lower temperature operation without condensation. Thisform of SO, control is now used
manly in oil-fired boilers and severad companies can supply the reegents. However, tests are
recommended for this option to determine the cost/benefits and to establish the impact, if any, on
the ESP particulate collector and the FGD scrubber system.

Recommendations one and Six are the easiest to achieve at the Milliken Station. Because of access
limitations around the heet pipeair heaters, the other recommendationsarelikely to bedifficult toimplement
and cogtly. Recommendations two through five are better suited for consderation in anew system design.

There is a concern that the heat pipe therma performance may be dowly degrading due to loss of
naphthaene. This is due to the ingalation of purge vaves on the fill sems of dl ngphthaene heat pipe
tubes. The vaves wereingaled to vent noncondensing gases which were generated by small amounts of
naphthaene contaminants. After purging the gases, the valves were closed, capped and



left in place. This providesthe ability to again vent the tubesif additional decomposition wereto occur but
presents a continuing potentia for naphthalene leakage past valve sem seds. Normdly, thefill tubes are
crimped shut and the ends sed welded to prevent any possiblefluid loss. Plant personnd have periodicdly
used a photo ionization detector to check for heat pipe condenser end naphtha ene leaks when the hesat
pipes were in operation. The checks have shown varying levels of naphthdene at thetest ports. Thelast
check done in December 1997 showed a steep decline in ngphthdene levels a dl test ports. This likdy
means that the leaking tubes are now empty. For the Milliken hegt pipe ingdlation, periodic naphthaene
leak checkswill continue to be necessary to determine if additiond tubes begin to lesk. If this occurs, it
may be necessary to remove thefill ssem valves, refill the empty tubes and then to crimp and sed weld the
fill gems

Fndly, the Milliken Station heat pipe air heater experience has pointed out the need for better quality
control of the heat trandfer fluids used in the fabrication. Huid purity is criticd if good performance and
long-term operability are to be achieved. 1t isrecommended that both the vendor and purchaser confirm
the purity of each chemicd batch. This would provide a double check and help to insure against
noncondensable gas generation from contaminants.

2.0 INTRODUCTION

2.1 Useof Air Heatersin Utility Boilers

The hot flue gases from cod-fired eectric utility boilers contain sgnificant amounts of thermd energy. At
650°F, thesengble hest of the flue gasleaving aboiler economizer istypicaly about 15 percent of thefud
energy. Common practice is to recover most of this energy by prehesting the combugtion air in
recuperative or regenerative heat exchangers.

In arecuperative heat exchanger, the flue gas and air streams are separated by the heet transfer surface.
Heat energy from the flue gasistrandferred directly acrossthe heet transfer surfaceto theair. Tubular air
heaters (Figure 1) in which the hot flue gases pass through metd tubes with air passing around the outside
of the tubes are the most common type of recuperative heat exchanger used. Theseunitsprovideapassve
operating design with no moving parts and, when new, can have alow or zero leskage between theair and
flue gassdes. The units are, however, physicaly large as compared to other types of air heatersand are
prone to cold-end corrasion and fouling if tubewal | temperatures drop bel ow the acid dew point of theflue
gas. With time, ar leakage increases as more and more tubes corrode through. With acid condensation,
serious fouling can occur due to the formation of sticky fly ashacid poultices. Poultice formation can plug
tubes. For the remaining open tubes, thisincreases outlet flue gas temperatures and flue gas Sde pressure
drops.

The rotating whed (rotor) Ljungsirom type exchanger isthe most common type of regenerative air heater
used by utilities. Inthese units, heat istransferred indirectly from the hot flue gasesto the cooler combustion
ar through an intermediate medium, in this case, a basketed rotor containing many corrugated meta plates
(Figure 2). The corrugetions separate the plates and provide a torturous path for gas or ar to flow to
improve the heet trandfer. The rotor continuoudy turns through the flue gas and air streams. The metd
platesin the rotor baskets absorb sensble heat from the flue gas as the rotor turnsthrough the flue gassde
of the exchanger. This heat istranderred to
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Figure 1. Tubular recuperative air heater, three air pass - counter flow unit.
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Figure 2. Rotating basket (Ljungstrom® type) regenerative air heater.
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the air as the hot plates rotate through the air sde. The design is compact and provides efficient heat
trandfer.

Although there are sedls around the rotor, leakage from the combustion air Sde of the exchanger intothe
flue gas Sdeis perhaps the biggest problem with the design. Theleakage occursin three aress. acrossthe
radia sedls, in the clearance between the rotor and the metd case, and by entrainment from the basket gas
passages as the baskets rotate from the air Sdeinto the flue gassde. When new, the ar leakage may be
aslow as5 percent to 10 percent of theincoming flue gasflow, depending on air heater Sze and air-to-gas
pressure differentids. Asthe sedls wear and the air heater ages,

the leakages often increase. If periodic maintenance and replacement of parts are not performed, leakage
can increase subgtantidly. The air leakage increases the forced draft fan power consumption since the
leaked air bypassesthe combustion step and more combustion air must be supplied. Theinduced draft fan
power aso increases Snce the flue gas flow out of the air heater increases by the amount of air leskage.
Additiondly, theair leakage reduces plant thermal efficiency sincelesshest istrandferred to the combustion
air, and increases maintenance on the air heater due to the need to replace or adjust worn seals.

2.2 General Description Heat Pipe Air Heaters

The hegt pipeisanew heat exchanger design which can beused for utility air heaters. The heat pipedesign
has the potentid to diminate many of the problems associated with the tubular and Ljungstrom air heater
designs and to operate at somewnhat lower flue gas outlet temperatures which would improve overdl plant
heat rates. Hest pipe air heaters operate as regenerative exchangersin which heat from the hot flue gases
isindirectly trandferred to the cold air by means of aworking fluid. The operation isillustrated in Figure
3. The heat pipe tubes are partidly filled with a hegt tranfer working fluid.  The heet pipe tubeis seded
under high vacuum to insure thet the only gas ingde the tube is the working fluid vapor. Passng hot flue
gases over the lower end of the tube causes the working fluid to boil and the vaporsto flow to the cold end
of thetube. Cold air flowing over thetop of the tube condensesthe vaporsrel easing latent heat which heats
the ar. Since the heat pipes are mounted at a dight angle from horizontd (five degrees for the Milliken
units), the condensed liquid flows back by gravity to the evaporator end of the pipe to repest the cycle.
Wal grooves or wicks are sometimes used inside the heet pipe tubes to improve wall wetting and heet
transfer.

Insde a heat pipe, hedt is trandferred by boiling and condensing hesat transfer mechanisms.  For these
mechaniams, heat transfer can proceed a extremely high rates as compared to conduction and/or
convection. Because of this, aheat pipe can transfer severd thousand timesthe amount of heet energy as
solid copper for agiven temperature difference. Dueto the highinternd heet trandfer rates, individua heat
pipes operate essentidly isothermaly with very smal temperature differences between the hot and cold
ends. Thisaidsin achieving uniform outlet temperatures for heated and cooled process streams.

Depending upon the gpplication, many different materids can be used asworking fluidsincluding: liquefied
gases, water, hydrocarbons, chlorofluorocarbons, and liquid metas. The working fluid must be operated
below its critical temperature, must be compatible with the tube wall materid, and must be stable and not
decompose under operating conditions. For the Milliken air heater design,



naphthalene was selected for the high temperature sections and toluene used in the intermediate and
cold-end sections.
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Figure 3. Heat pipe cross section.

A full-scale heat pipe air heater consists basically of two ducts with a common wall. Individual heat
pipe tubes extend through the common wall across both ducts (Figure 4). Hot flue gases flow
through one duct while cold combustion air flows through the other duct. The tubes are usually seal
welded or gasketed in some fashion at the common wall to prevent air leakage between the flue gas
and air sections. The ends of the tubes are free to expand or contract as necessary within the duct
casing. By extending the individual tube surface through the use of fins, compact units can be
designed.

The main advantages of the heat pipe air heater design over tubular designs are: compactness, a
lower potential for air leak development, and uniform temperature distribution across the heat
transfer zone. The common wall divider between the flue gas and air sections is made of a thick,
heavy metal plate which is unlikely to corrode through over the life of the unit. Additionally, each
heat pipe tube provides a double barrier against air leakage. Should a tube become penetrated on the
flue gas side due to corrosion, the tube would loose the charge of working fluid and become inactive.
Air would not however flow into the flue gas section unless the air end of the tube also became
punctured, an unlikely event. Finally, because each heat pipe operates isothermally along its length,
the outlet temperatures for both the heated and cooled streams can be controlled more exactly and
uniformly. This potentially could benefit utility air heaters by eliminating flue gas side cold spot



areas and allowing operation at lower outlet temperatures due to tighter control of the cold-end heat
transfer surface metal temperatures.
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Figure 4. Typical heat pipe air heater construction.

When compared with the Ljungstrom type regenerative air heaters, the heat pipe air heater design
provides the following actual and potential advantages:

1. Zero air leakage — reduces PA, FD, and ID fan power and for boilers with wet FGD
systems, reagent slurry pumping power requirements.

2. Lower capital costs in new plants for downstream equipment (fans, particulate collectors,
scrubbers, and stacks) as a consequence of zero air leakage.

3. Better air heater outlet temperature control allowing for more heat recovery and lower

flue gas outlet temperatures.

Passive design with no moving parts to operate or maintain.

. Lower erosion due to low flue gas velocities.

. Lower flue gas and air side pressure drops which reduce the fan power.

. Potential for improved ESP operation due to more uniform inlet flue gas exit temperature

profile.

8. Improved flue gas flow balance control for boilers with multiple air heaters due to

elimination of air leakage.

I NEUREN



3.0 FULL-SCALE HEAT PIPE DESIGN

Milliken Unit 2 was origindly congtructed in 1958. The boiler is a reheat, tangentidly-fired pulverized
bituminous cod unit designed by Combustion Engineering. It has been upward rerated to a design point
of 150 MWnet. Originadly, Unit 2 was equipped with two vertica flow Ljungstron®® air heaters. As part
of the Milliken CCT-IV demondtration program, the Unit 2 Ljungstrom units were replaced with two
vertica flow heat pipes to help overcome some of the boiler heat rate decline expected with the
concomitant ingdlation of low NO, burners and an FGD system.

3.1 Mechanical Design

The design of the individua heat pipe ar heaters is summarized in Table 1. The genera condruction is
schemdticaly shown in Figure 5 for the Unit 2A heat pipe. Asindicated by theinsert in Figure 5, the Unit
2B hesgt pipeis congtructed as amirror image of Unit 2A. Each heat pipe contains 12 (three horizontd -
four vertical) shop-fabricated heat transfer modules which are field assembled. The modules are 100
percent sed welded to eliminate air leskage into the flue gas from the ambient environment or across the
divison wdl between theair and flue gas sections. The box-shaped modules it on duct trangition sections
which tilt the tubes five degrees above horizontd.

The hesat pipe tubes are 2" outsde diameter (OD), 0.095" wall, and approximately 35.5 feet long. To
achieve maximum hest transfer and compactness of design, the tubes are finned on both the flue gasand
ar Sdesand thetuberowsarearranged ona3.75" center-to-center staggered triangular pitch. Ontheflue
gassde, 3/4" high continuous spird fins (three per inch) areused. Ontheair Sde, 3/4" high segmented fins
(seven per inch) are used. The fins are attached to the tubes by a high frequency resistance welding
process. Thetubeand fin materiasare carbon sted (CS) in areaswhere operating temperaturesare above
300°F, and alow-dloy corroson resstant (LACR) materid (CorTen A) in areas below 300°F. Some
T11, alow-carbon, low-alloy (1-1/4 chrome-1/2 Maly), CStube materia isused in the highest operating
temperature areasto reduce the potentia of working fluid breskdown. Thehegt pipecasingisASTM A36
mild CS since dl flue gas side parts are expected to be a temperatures above the acid dew point.

The heat pipe tubes are fixed only at the divison wal. This alows the tubes to expand or contract as
necessary. Ontheair Sde, the tubes expand within the exchanger case since the tubes are hotter than the
combudtion ar being heated. On the flue gas Side, the tubes contract within the case since the tubes are
colder than the flue gas being cooled. A tube sheet is used to support the tube ends on the air Sde; while
on the flue gas side, the lower tube ends are supported by short cylinder deeves that are welded to the
module walls

The flue gas section casing is designed for -35 in. WC pressure. The design pressuresfor the primary air
and secondary air sections are +60 in. WC and +35 in. WC, respectively.
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Tablel

Heat Pipe Air Heater Design Summary
New York State Gasand Electric Milliken Station -- Unit 2

Manufacturer ABB Air Prehegter Inc.
Modd 303.8-408-36-DV
Number of Heat Pipe Air Heaters 2
Number of Tube Modules/Air Heater 3 Horizonta/4 Verticd
M odule Slope 5°
Tubes
Number 2,880/ Heat Pipe
Diameter 20in.
wall 0.095in.
Pitch (triangular) 3.75in.
Material Primary Sections Secondary Sections
7rowsT11CS 1rowT11CS
21 rowsA-178A CS 27 rowsA-178A CS
8rowsA-618 CarTen A 8rowsA-618 CorTen A
Working Fluid 21 rows Naphthalene 14 rows Negphthalene
15 rows Toluene 22 rows Toluene
Eins Flue Gas Side Air Sde
Type Continuous Spira Segmented Spird
Attachment Welded Welded
Height 0.75in. 0.75in.
Thickness 0.059in. 0.036in.
Density 3perin. 7 perin.
Material 28rowsA-178A CS 28rowsA-178A CS

8rowsA-618 CorTen A

8rowsA-618 CorTen A

Design Performance (ea.) Flue GasSide Air Side

(Combined) Primary Secondary
Inlet Flow 750,000 Ib/hr 62,500 Ib/hr 562,500 Ib/hr
Inlet Temperature 680 °F 80 °F 80 °F
Outlet Temperature 253 °F 650°F 617 °F
Specific Heat 0.260 Btu/Ib-°F 0.247 Btu/Ib-°F 0.247 Btu/lb-°F
Duty 83.3 MM Btu/hr 8.8 MM Btu/hr 74.5 MM Btu/hr
Minimum Cold Tube Temperature 221 °F 170 °F
Guaranteed Pressure Drop 3.65in. WC 360in. WC 535in.WC
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Figure 5. Construction of Milliken heat pipe air heaters.

Each heat pipe exchanger weighs approximately 960,000 Ibs. The exchangers are each supported
on eight legs (not shown in Figure 5) and are each anchored by one leg to the floor. The other seven
support legs distribute the load and are free to move on sliding plate foot bearings. Four of the
support legs are on guided foot bearings while the other three are on unguided free foot bearings.
This accommodates lateral movement due to thermal expansion or mechanical stress. The tops of
the heat exchangers are free to move and expand both vertically and horizontally. This movement
1s accommodated through the use of expansion joints on all ducts attaching to the air heaters.
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Each heat pipe exchanger is designed to heat both primary and secondary air streams in separate
sections. This provides added flexibility for coal drying and in achieving maximum heat recoveries.
Bypasses are provided for both the primary and secondary air streams. The primary air bypass is
external to the heat pipe and is used to supply tempering air at the coal mills. The secondary air
bypass is internal and an integral part of the heat pipe as shown in Figures 5 and 6. An electrically
driven damper inside the heat pipe (Figure 6) is used to control the flow through the secondary air
bypass. This bypass is used primarily to limit heat transfer from the flue gas section to avoid low
cold-end tube temperatures which result in acid condensation. Under certain conditions, bypass
control must be limited to prevent overheating of the hottest operating toluene filled tubes.

Primary Air Secondary Air Flue Gas From Boller

To Mills To Boiler
g
£
2 [=]
2 2 :
ANAE
gc': PA @ SEC AIR $ FLUE 3
r é- SECT| < SECTION L GAS o
8 & SEC z
]
uunl Damper

‘——3» Flue Gas To ESP

From Primary Sec Air From FD Fan
Air Fan

Figure 6. Heat pipe process flow streams.

Two ducts from the boiler supply hot flue gases to the heat pipe air heaters, one duct to each air
heater. The flue gases approach the air heaters through horizontal ducts. A set of ladder vanes inside
the ductwork hood, which is mounted on top of each heat pipe, redirects the flue gas flow vertically
downward to the heat pipe tube banks. The tube banks are split into one primary and two secondary
flue gas sections. Gas distributes to the sections based on the pressure drop through the sections.
When the air heaters were originally installed, the primary flue gas sections did not have inlet
dampers. NYSEQG later installed louvered dampers to provide better temperature control and reduce
the potential of overheating the hottest toluene filled tubes. Closing the dampers reduces the flow
through the primary flue gas section and increases the flow through the secondary flue gas sections.
However, primary flue gas flow adjustments have little effect on the overall secondary section flows
since the primary gas flow is normally only about one-eighth the secondary flow.
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On-line cleaning of the heet pipes is accomplished using sootblowers supplied with 150 ps air. Thereare
32 sootblowers, 16 on each air heeter, which arelocated in lanes between the tube banks (Figure 5). The
bottom three tube banks can be sootblown from both the top and bottom sides. There is provison to
sootblow only the bottom of the top tube bank since the fly ash is dry a this location and little fouling is
expected. Because of the large amount of sootblowing air required, anew air compressor was purchased
and integrated into the exigting plant air system. The new system uses a 3,000 acfm, 1,200 hp, inter-
cooled, three stage Ingersoll Rand centrifuga compressor.

The sootblowersare partidly retractable Bergemann units. The sootblowers have variable frequency gear
motor drives which alow dower or fagter blowing times depending upon the fouling conditions. When
activated, the sootblower lancesrotate in ahelica fashion into the heet pipeto clean tube banks above and
below the lance. Because of Site access condtraints, the sootbl owers are equipped with %21ong retractable
lance tubes. When fully retracted, the lance tubes extend half way across the hesat pipe tube banks. The
lances are equipped with two venturi nozzles at the tip end and two nozzles at the center. Thetwo nozzles
at each location arelocated 180° gpart on the lance circumference. Thisdesign alows complete tube bank
cleaning with alance travel of one-hdf the cross section distance.

As shown in Figure 5, there are solids collection hoppers directly under the flue gas side tube banks. The
hoppers collect fly ash and sootblowing deposits which drop from the downward flowing flue gases asthe
gases change direction and flow to the outlet duct. Periodicaly, the hoppers are pneumaticaly emptied
using the existing boiler/ESP pressurized-ash conveying system.

3.2 Temperature M easur ement

Temperature measurement is key to analyzing performance and controlling the heet pipe air heaters. On-
line measurements, which are tied into the plant’s computer data logging system, fall into three categories:
(1) thermocouple (TC) arrays for measuring flue gas and air temperatures to and from the heat pipes, (2)
interna temperatures of critica tubes, and (3) tube skin and flue gas temperatures in the coldest tube row
of the cold-end module. Because of high emf and linearity, chromel/congtantan Type E thermocouples are
used throughout. The flue gasand air TC arrays are located in the ductwork close to the hest pipes. All
array TCs are contained within thermowels. The TC arrays provide information for caculating average
temperaturesand allow anaysisof therma performance based on changesin temperature gradient spreads.
The TC arrays around each hesat pipe are listed in Table 2.

Each air heater is supplied with ten heat pipe tubes fitted with TCs within thermowells to measure
temperatures in criticd areas. Type E dud eement (one active eement plus spare) TCsare used. The
thermowd|s are welded into evaporator end, end caps. This helpsto insure accurate measurement of the
tube operating temperature since the thermowells are surrounded by boiling liquid. Condenser end TCs
are not used since inaccurate results would be obtained if non- condensable gases begin to buildup ingde
the hesat pipes due to contamination or breakdown of theworking fluids. The locations of heat pipeswith
thermowell TCsareindicated in Figure 7. There are three TCs in the hottest row of toluene filled tubes
(Module C3 of the primary air heating section). To prevent working fluid breskdown, the temperature of
the toluene tubes must be limited to a maximum 550°F. Plant operators, therefore, monitor these TCsto
guide adjusment of the
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primary air rate through the air heater or the primary flue gas damper position. The other TCs are
in areas where tube corrosion is a concern. Three TCs are located in the coldest CS heat pipes (last
row of Modules C1, C2, and C3) and four TCs are located in the cold-end heat pipes (last row of
Modules D1, D2, and D3).

Table 2
Milliken Heat Pipe Flue Gas and Air Stream TC Arrays
Stream TC/Array
Flue Gas In 10
Flue Gas Out 6
Secondary Air Out 6
Secondary Air In 4
Primary Air In 2
Primary Air Out 2
. Primary Section
Secondary Section
g e > <5
<y ¢ Al e A2 ¢ ¢ A3
A : | : tpt
Napthalene A gV 8 B E ; B2 < . b .
Toluene Ty T
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oL ct a s s | Toluene
: . 1icc |V
Carbon Steel ¢ e
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D1 D2 D3
[l
« Tubes With Thermowells

Figure 7. Tube layout and thermowell locations for the Milliken heat pipe air heaters.
After the air heaters were in operation, additional TC instrumentation was installed in the outlet cold-

end modules to help monitor fouling behavior. Six heat pipe skin TCs were installed in each heat
pipe air heater (Figure 8). This was done by grinding the fins off a small area of a tube and then
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gluing a sheathed TC to the tube using a heat transfer cement. For comparison, four flue gas TCs
were located near the skin TCs; two gas TCs in the primary flue gas section and two gas TCs in the
secondary flue gas section. Monitoring of these TCs provided an on-line means of estimating where
fouling was most severe in each heat pipe.

North —>
- L f.
A A A
73
2W/3 v Lz
W G G
L3 T T L3 T T
t " o
T T T T
w G G
\J
v A Y3 -~T G T G
vl_vys "6 T 6 T
2A Gas Side 2B Gas Side
Plan View

Figure 8. Cold-end tube (skin) and flue gas TC locations.

3.3 Staggered Tube Design

In 1992, when inclusion of a heat pipe was first proposed for the Milliken Unit 2 boiler, in-line tube
arrangements were the common practice for finned tube air heaters. The in-line tube arrangement
had proved to be a successful design which did not have problems with fly ash plugging or erosion.
According to ABB API conventional sootblowing techniques were generally adequate to remove the
slight plugging which occurred between tube rows. Staggered, finned tube air heaters were normally
not specified for coal fired boilers because of concern for potential increased plugging and fouling
of tubes and fins and expected difficulties in cleaning. However, there was great interest in
developing a successful staggered design. For the same heat transfer requirements, a staggered tube
arrangement can result in a cheaper more compact design with fewer tubes due to the increased heat
transfer afforded by the tortuous flow path. For the Milliken system design, a 35% reduction in the
number of heat pipe tubes was expected for the all staggered tube design over an all in-line tube
design.

As part of a design effort, ABB APl installed a pilot heat pipe air heater at Milliken on a flue gas

slipstream. The pilot heat pipe had removable tubes which could be rearranged with in-line or
staggered tube pitches. Between October 6 to 27, 1993, ABB API ran tests on the slipstream unit.
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The results indicated that a staggered, spira finned design was practical and could be operated on a
pulverized cod boiler without plugging. Thetesting aso indicated that conventiona sootblowing would be
effective in cleaning the tubes and fins.

After the ABB AP test program was completed, NY SEG and CONSOL conducted separate tests to
further establish operability of the staggered tube design in a boiler flue gas environment with and without
ammoniadip fromaNQO, remova process (Appendix A). Aspart of thistesting, parametric performance
and long term operability tests were conducted without ammonia dip between October 27 and December
13, 1993. Cold-end tube temperatures were controlled at nomindly 170°F to smulate the operation of
the commercid ar heater with a 250°F flue gas outlet temperature. This insured that the cold-end tube
metal temperatureswere wdl| below the flue gas acid dew point. Thetesting showed no fouling of the hot-
end tube module and minor fouling of the cold-end tube module. The testing indicated that tota flue gas
Sde pressure drops might be expected to increase about 2.2 times the base drop over asix-month period.
This was thought to be acceptable since the origina pressure drop could be recovered by scheduled air
hester washing every sx months. The decisonwas madeto ingtal an al staggered tube design. Aswill be
explained inalater section, al tube bank modules but the cold-end module proved to be readily cleanable
by sootblowing. Cold-end fouling remains however amgor operating problem for the current heet pipe
design.

3.4 Materials Selection

Heat pipe materia selection was based on the results of corrosion test programs conducted at the EPRI
Environmenta Control Technology Center (ECTC) and a the NY SEG Milliken Station. The tests were
primarily directed at evaluating construction materias for the cold-end modules of the commercial-scae
heat pipeair heaters. Inthe cold-end modules, temperatures drop low enough for the small amount of SO,
contained in the flue gases to react with water vapor and begin condensing as sulfuric acid. Thiscan lead
to severefouling asfly ash/acid poultices form and acid attacks the heet transfer surfaces. Sincetesting of
the sdlective non-catal ytic reduction (SNCR) NO, remova processwasoriginaly proposedintheMilliken
CCT-IV program, there were additiona concerns for fouling and corrosion caused by the ammonia loss
or dip from such processing. Leftover anmonia can lead to anmonium sulfate/bisulfate condensation in
the air hester at temperatures higher than the SO; acid dew point. To addresstheseissues, corrosion tests
were initidly conducted a the ECTC, and then later at the Milliken Station.

The ECTC tet fadilities include a sdlective cataytic reduction (SCR) NO, removd pilot plant which has
asmall heat pipe heat exchanger. The exchanger isused to heat the 120°F SCR reactor feed gas (flue gas
from the Kintigh Station FGD) using the 590°F reactor exit flue gas (Figure 9). Thisexchanger provided
anided location for testing candidate materials of congtruction in afly ash-free environment with or without
ammoniapresent. Asshownin Figure9, test heat pipesmadefrom CS, Cor-Ter® B, and AL-6XN® were
indaled (stacked verticaly) at two locations. Sincethe cold-end module of the ECTC het pipe contained
2,205 duplex stainless tubes with 409 gainlessfins, information on these materidswas dso obtained. At
the outlet of module 1 on the return side, the test heat pipes were exposed to the coldest cold-end flue
gases with the highest potential for acid deposition. These heat pipes operated with meta surface
temperatures between 150°F and 210°F which arewell below the norma sulfuric acid dew point of 270°F.
At the inlet to module 1 on the return Sde, the test heat pipes were in an area where ammonia
sulfate/bisulfate fouling was expected
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based on the previous operating history of the exchanger. Here the heat pipes operated with metal
surface temperatures between 260°F and 290°F.

Module 1 Module 2 Module 3
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Figure 9. Plan view of ECTC heat pipe heat exchanger.

Although corrosion of the heat pipes was experienced on both the supply and return sides, only the
return side corrosion will be discussed. This is the only area where the corrosion results are relevant
to the design of the Milliken air heaters.

To monitor corrosion rates during individual tests, two electrochemical CAPCIS corrosion probes
were installed on the return side between modules 1 and 2. One probe was made of SA-178A CS
and the other from Cor-Ten B. The probe instrumentation incorporates the use of electrochemical
impedance measurement (EIM), electrochemical potential noise (EPN), electrochemical current
noise (ECN), and zero resistance ammetry (ZRA). Changes in these electrical responses are used
to determine the corrosion rate in real time and can be used to determine the type of attack (uniform
or localized). A description of the measurement techniques can be found in Reference 1.!

The ECTC test program consisted of operating the SCR heat pipe exchanger at design flow and
temperature conditions with differing amounts of ammonia in the return side flue gas feed. To insure
constant ammonia slip conditions, the SCR was operated at zero ammonia slip with the required
amount of ammonia injected separately downstream of the SCR reactor but ahead of the heat pipe
inlet. Three test conditions were established, zero ammonia slip, 1-2 ppm ammonia slip, and 4-5
ppm ammonia slip. After each test period, the unit was shut down for inspection and cleaning of the
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the heat pipe exchanger. The test heet pipes were ingtdled in the ECTC heet exchanger in November
1992 and removed in May 1993. The total operating exposure to a flue gas environment was 3,310
hours?2 After remova, the test heat pipes and one origina heat pipe from the heat exchanger were
destructively tested by ABB API. Thedetailed results of the destructive testing can be found in Appendix
B.

The generd conclusion based on the destructive testing andysiswas that none of thetested or origind tube
materids could provide a 20-year life for a cold-end tube bank for the ECTC hesat pipe operating
conditions and a standard tube wall thickness of 0.100". The AL-6XN was unsuitable since the materia
exhibited a marginal corrosion rate (5.3 milslyr max.) at the location between modules 1 and 2, and
locdlized pitting and cracking at the outlet of module 1 on the return Sde. At the module 1 outlet on the
return sde, the 409 SS fin materia, CS, and Cor-Ten B dl exhibited high corroson rates of up to 17.5
milslyr for the 409 SS, 42 milglyr for the Cor-Ten B, and 77 mils/yr for the CS. The Cor-Ten B corrosion
wasredatively uniform as opposed to groove patterns associated with the corrosion of the CS. Thegroove
patterns appeared to be due to liquid collecting on the tube surface with subsequent transport on and
around the heat pipe. At the return side outlet of module 1, 2205 SS showed the lowest corrosion rates.
However, the corrosion appeared to be flow related with the leading edge of the tubes showing more
corrosion than the trailing edge, and there was evidence of anodic protection of the 2205 SS by the 409
SSfin materia. For al materids, corroson rates were lowest at the location between modules 1 and 2.

For the on-line CAPCIS corrasion probes, an internd air purge is used to control the sensng dement
temperature at a set temperature below the flowing flue gas temperature. This feature dlows the
determination of specific conditions where the rate of corrosion becomes problematic. During the ECTC
test program, corrosion rates were measured for SA-178A CSand Cor-Ten B over atemperature range
of about 100°F to 230°F3. Thedatashow avariation in corrosion rate with temperature. At temperatures
below the water dew point (-120°F for the flue gas from the FGD), both materids show high rates of
corroson.  From this point, the rates initidly decline with increasng temperature to a minimum, then
increase with increasing temperature to a second maximum, and findly decline again. For the CS probe,
the second maximum occurred at about 160°F regardless of the ammoniadip level whilefor the Cor-Ten
B materid, the second maximum gppeared to shift to higher temperatures with increasng ammonia dip.
At zero ammoniadip, CS corroded more rapidly than the Cor-Ten B. The presence of ammoniain the
flue gases appears to reduce the corrosionratefor the CS (particularly at five ppm leve) but increasesthe
rate for the Cor-Ten B materid.

The ECTC heat pipe environment is believed to be aworgt-case test environment dueto thehigh fluegas
moigture (saturated with water at FGD outlet conditions) and the lack of any fly ash. High moisture levels
increase the temperature at which SO; begins to condense and alows a more dilute, more corrosve acid
to form. Operating without fly ash present, resultsin the tube and fin metal surfacesbeing the only steson
which condensed acid can collect and react. With fly ash present, some of the acid would be sequestered
by absorption on the ash or neutrdized by dkainity in the ash.
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Based on the above, a decison was made to continue materia sdlection testing at the Milliken Station
where tests could be conducted in afly ash containing flue gas environment. Materialsto be tested were:
SA-178A CS, Cor-Ten A, and 2205 duplex SS. These materials were selected because of cost and
availability advantages for CS, the well known greater corrosion resistance of Cor-Ten A over Cor-Ten
B, and the superior performance shown by 2205 SSin the ECTC tests. For the Milliken tests, the Cor-
Ten B CAPCIS corrosion probe was refurbished with Cor-Ten A sensing elements and Consol R&D
fabricated three “simple” air-cooled corrosion probes made from 2205 SS (one probe) and Cor-Ten A
(two probes). The smple corrosion probes were designed to smulate the operation of a heat pipe by
mantaining the corrosion coupon meta temperature congtant. This was accomplished usng internd ar
purges. The smple probes had no ectronic method for determining corrosion rates; rather the corrosion
rates were determined by manua measurement of the probe outside diameters after exposure.

The Milliken corroson testing was done in three stages. First, while the CAPCIS Cor-Ten B probe was
being refurbished, the SA-178A CS CAPCIS probewasingaled at the outlet of the Milliken Unit 2 ESP.
In this location, the probe was exposed to a conventiond flue gas environment but again without fly ash
present. Over extended time periods, the probe was operated with sensing el ement temperatures of either
168°F (1,609 hours) or 231°F (1,501 hours). For the Milliken ESP outlet conditions, the eectronicaly
indicated corrosion rates were gpproximeately 2 milslyear. This was confirmed by manua dimensiona
measurementswhich indicated somewhat |lower averagerates. Theseresultsindicated that CSwassuitable
for the ductwork and equipment downstream of the proposed air hegter.

In the second stage of testing, the smpleair-cooled corroson probeswereingdled inthe Unit 2 ESPinlet
ductwork. At thislocation, the probeswere exposed to anormal flue gas environment with fly ash present.
The tests showed low corrosion rates (typicaly <3 milslyr) for Cor-Ten A regardless of the average
targeted operating skin temperature (i.e., 172°F, 192°F, or 202°F). However, the 2205 SS smple air-
cooled probe showed severe pitting under fly ash scae buildups after only 832 hours of service at 170°F
surface temperature. This resulted in the 2205 SS being diminated from further consideration as a
congtruction materid.

The third stage of testing wasto ingtall the SA-178A CSand Cor-Ten A CAPCIS corrosion probesinthe
outlet duct of the ABB AP dipstream hest pipe. As mentioned in Section 3.3, ABB AP ingdled the
dipstream hest pipe a Milliken to test the staggered tube design concept. After ABB APl completed this
testing, NY SEG and CONSOL R& D took over operation and installed apilot SCR reactor ahead of the
test heat pipe. Thisafforded heat pipe testing in aflue gas environment with fly ash and ammonia present.
The test resultsindicated that the fly ash provided some protection against SO; and/or ammonium bisulfate
(NH, HSO, ) attack. Overal corrosion rates for both metals were low, i.e., 2.9-3.5 milglyr for CS at
176°F and < 2mils/yr for Cor-Ten A at 174°F. Corrosion ratesdid not appear to depend on theammonia
dip between one and 3.5 ppm dip. Based on these results and al the previous corrosion test work, the
decison was made to use CSfor heat pipes operating above 300°F skin temperature and Cor-Ten A for
adl heat pipes operating below 300°F skin temperature. The detailed test resultsfor the Milliken corrosion
program can be found in Appendix B.
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3.5 Ingallation -- Equipment L ayout

The main god of the Unit 2 equipment design wasto ingdl SO, and NO, control sysems with minimum
impact on the overdl plant heet rate. Therefore, energy technologies such as the use of a heat pipe ar
heater were integrated into the plant design. The heat pipe was designed for a minimum 20°F decrease
in the flue gas Sde ar heater outlet temperature. This was expected to provide an approximate 0.5%
improvement in heet rate. The no air lesk feature of the heat pipe was expected to reduce air flows by
about 16% and save approximately 337kW of fan power.

BecausetheUnit 2 air heater and cod millswere being replaced at the sametime, there was an opportunity
to reconsder the design of the primary air supply/cod mill circuit to further reduce power requirements.
Two concepts were consdered: the use of asingle sector air heater coupled with four hot primary air fans
(one fan to each mill), or, separation of the primary and secondary air heating sections and the use of two
cold primary air fans (one supplying each air heater). The decison was made to ingtdl the cold primary
ar fan system since anaysis of the concept indicated reduced construction and capital equipment cogts,
lower projected maintenance costs, and a 20 Btw/KWh power savings.

The overall processflow schemeispresented in Figures 10, 11, and 12. Figure 10 showsthefluegasloop
with hot gas from the boiler economizer passing through the heat pipe. The hot flue gases heeat the primary
ar and secondary air streamsin separate compartmentsin thear heater. From the air heaters, the cooled
flue gases then proceed on to the ESP particulate collectors, 1D fans, FGD, and finally the stack.

Figure 11 shows the primary air circuit to the cod mills. High pressure primary air is supplied by a cold
PA fantotheair heater. Heated primary air streamsfrom thetwo air heaters combinein acommon header
which splitsinto four cod mill feed sreams. Bypassed tempering air mixes with the heated air ahead of
each mill. The flows of hot primary air and tempering air are blended as required by mill load and cod
dryness.

The secondary air system isshown in Figure 12. A low pressure FD fan suppliesthe air to the secondary
ar hesting section of the air heater. The heated ar then flows to the boiler burners. Normadly, dl the
required secondary air flow passes through the air heater. A bypassis provided to help control the flue
gas outlet temperature. This prevents operating the cold-end heat pipe tubes at too low a temperature
which would result in excessive fouling.

Figures 13 to 16 show the fina equipment layout. Because the heat pipes were located under the
precipitator, the old Ljungstrom air hesaters were left in place. The inlet verticad ductwork to the
L jungstroms was disconnected and new horizontal ductsto the heat pipesingtaled as shownin Figure 13.
There are ash hoppers under the flue gas sections of the air heatersto collect sootblown ash materids. The
cooled flue gases|eavethe bottom west Sde of theair heater, travel vertically up to acrossover duct, which
leadsto another vertica flow duct to the precipitator entrance. Leaving the precipitator, the flue gasesflow
down to the ID fan at grade leve.

A front, east Sde, view of the system is presented in Figure 14. The view shows the locations of the
primary air fans, sootblowing air compressor, mill sedl air fans and the 32 sootblowers.
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Figure 15 is a northward facing view of the unit showing the primary and secondary air duct system.
The view shows the PA and FD fans and the common motor. Placing the PA and FD fans directly
below the heat pipes allows use of short expanding ducts between the fan discharges and the heat
pipe connection flanges. An isometric view of the system is presented in Figure 16.
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3.6 Flow Modeling
A major goal of the test program was to operate the heat air heaters at the lowest possible outlet
temperature consistent with low tube corrosion. Achieving a uniform flue gas distribution in the air
heater is critical in limiting the development of cold gas spots. To help insure optimum equipment
performance, flow model testing of the heat pipe and ductwork was performed. This allowed
optimizing the gas/air flow profiles in the heat pipe and ductwork and minimization of ductwork
pressure drops. The model test results were incorporated into the final full-scale ductwork design.
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Huid Systems Engineering Incorporated, of Parsppany, New Jersey conducted the flow testing in a
dimendondly correct, 1/12 scale, cold-flow mode of the heat pipe and ductwork. The model was
fabricated from 1/4" thick clear Plexiglas with turning vanes made from thin 24 gage galvanized sheet stedl.

The heat pipe bundles were smulated using perforated plates within the heat pipe cases. On the flue gas
sde, the ductwork included dl the ducting between the economizer outlet and the heat pipeinlet and dl the
outlet ductwork from the hegat pipe outlet to the vertical riser duct at the ESPinlet (see Figure 13). Onthe
ar sde, the ductwork included dl ducting from the FD fan discharge to the heet pipe and dl the secondary
ar ductwork from the heat pipe to the boiler (see Figure 15).

Hue gasand air flowsthrough the full-scal e prototype hegt pipe system were smulated by drawing ambient
ar through the scalemode using alaboratory fan. Air rateswere[1/12)?, i.e., [1/144] thefull-scale design
rate. Thisinsured turbulent conditionsin the scalemodd and provided a1:1 velocity ratio between thefull-
scae prototype unit and the sclemode. Theuseof al:1 velocity ratio coupled with geometric amilarity
with the full-scale unit, alowed the model to be used effectively in flow evauations and correction of
digtribution problems. The use of cotton streamers and smoke observations dlowed visudization of flow
through the unit. PFitot and hot-wire anemometer measurements were used to quantify velocity profiles
within the ductwork and in the heat pipe. Hy ash falout in the ductwork was smulated with fine slicatest
particulate.

The modd tegting achieved the following:

1. Devel oped fluegassdeinlet duct vane and inlet hood ladder vane designswhich provided uniform
flow digtribution at the heat pipe entrance and within the tube banks. The design resulted in avery
good velocity ditributionin the center of thetube bankswith aroot-mean-square (RM S) deviation
of only 7.63%.

2. Developed a FD fan discharge ductwork splitter vane design which improved the secondary air
flow distribution to the heat pipes. The design achieved an acceptable 25.2% RMS velocity
digtribution in the center of the heat pipe tube banks. Additional testing indicated (no data
presented) that inclusion of perforated plates in the inlet ductwork would further improve the air
flow profiles. These plates were later ingtaled following the initid operation of the full-scale ar
heaters.

3. Developed a design for the high baffles of the heat pipe bottom ash hoppers which minimized flow
scouring in the hoppers so that the hoppers acted as an effective dropout zone for fly ash.

4, Optimized the design of theflue gas outlet duct turning vanesto establish adesired gasflow profile
to the ESP particulate collector.

5. Optimized the flue gas outlet crossover duct roof baffle design to eliminate dropped out solids
accumuletions.
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6. Developed air side outlet hood and outlet ductwork vane designs which minimized pressure drop
and achieved uniform flow digtribution.

The complete flow modding test report can be found in Appendix C.

4.0 PERFORMANCE TESTING

4.1 Test Procedure Development

After anew piece of equipment isingtaled, the purchaser often wantsto know, firgt, if the equipment meets
design performance and then, how well does the equipment perform after being in service for an extended
period? To answer these questionsfor the Milliken Station heet pipe air heeters, the thermd performance
was measured under: (1) clean unfouled conditions, (2) fouled conditions after Sx monthsof operation, and
(3) cleaned condition following a water washing to establish any performance decline. A detalled
equipment test procedure specificaly for the Milliken heat pipe ar heater arrangement was devel oped
(Appendix D). The detailed procedure is based on the American Society of Mechanica Engineers
(ASME) Performance Test Codefor Air Heaters:* It specifies how the air heaters will be operated, what
data (temperature, pressure, composition, flow rate, etc.) will be obtained, how the datawill be obtained,
and how the datawill be used in certain cdculations. The equipment test procedure was followed each
time the heat pipes were tested.

Because of the importance of air hesaters to the operation of fossl fud fired utility boilers, the ASME
developed a genera procedure, PTC 4.3, for establishing equipment performance. Rardly isit possible
to determine equipment performance by establishing design inlet conditions to compare directly the
measured flue gas outlet temperature with the design value. Fuel feedstocks may change, so flue gas
compositionwill be different from design; ambient air temperatures change with the time of year and even
the time of day; and flue gas temperatures to the air heaters will depend on boiler conditions such as
cleanliness, excess air, load, steam attemporation rates, etc. The ASME code procedure avoids this
problemby not requiring that designinlet conditionsbe established. Rather, performance dataare collected
under some stable operating condition (usudly a high boiler load) and then corrections are gpplied to
adjust the flue gas outlet temperature back to design conditions.

The code requiresthat corrections be gpplied for differencesfrom designinlet air temperature, design inlet

flue gas temperature, design inlet flue gas rate, and design X-ratio. The corrections are based on a
amplification of the heat transfer process physics. For example, corrections for differences from design

inlet air and inlet flue gas temperatures are derived based on the assumption of constant gas side efficiency
(effectiveness). Applying the correction factors resultsin a“totaly” corrected flue gasoutlet temperature.

Performance is determined by comparing this temperature with the design flue gas outlet temperature. If

the totally corrected temperature equas the design flue gas outlet temperature, the performance exactly

matchesdesign; ahigher temperatureindicatesapoorer than design performance; and alower temperature
indicates a better than design performance.

The ASME test code specifies how the firgt two corrections (for differences from desgninlet air and flue
gas temperature) are to be calculated but does not specify exactly how to caculate corrections
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for flue gasflow and X-ratio. A method for caculating these corrections is presented in the uncertainty
andysis report for the totaly corrected flue gas outlet temperature in Appendix E.

Inaddition to providing amethod for comparing the measured thermd performancewith design, the ASME
test code a so specifies proceduresfor comparing air leakage and air and flue gas Side pressure dropswith
design values. Sincethe ASME Test Code specifies what data are to be collected and how most of the
cdculaions areto be done, use of the code helpsto reduce disputes between the supplier and the end user
concerning the actua performance.

4.2 Test Port Requirements

Determining the average temperatures and compositions of al streams around the air hegtersis criticaly
important in ng the therma performance of the units. Multi port probe traverses are generdly used
to obtain temperature/flow data in the large ductwork around full-scale air heaters. Because of potentia
flow dratification, Smple averaging of the temperature and composition data may lead to inaccurate
performance cadculaions. To avoid this, the ASME code procedures recommend that flow weighted
average temperatures and/or gas compositions generaly be obtained. Thiswas donefor al performance
tests.

For the Millikentest program, the ASME recommendations covering test port layouts werefollowed, i.e.,
for rectangular ducts, portswere no morethan threefeet apart and at least four portswereinstalled on each
duct; for round ducts, two ports were installed at a 90-degree separation. NYSEG, ABB AP, and
CONSOL R& D worked together to identify sampling port needs and locations. Each hest pipe required
40 sampling portsand 20 specia tapsfor code performance measurements. In addition to these portsand
taps, 26 taps were required on each heat pipe for diagnostic purposes. The ports and taps are listed in
Table 3.

Ingdling the ports and taps was costly since most were added to the ductwork or heat pipein the field.
Costs can be reduced if the required number and locations of ports and taps can be identified during the
design phase to take advantage of shop fabrication.

Provisons a so had to be made for personnel accessto the sampling ports. The most difficult port location
was the flue gas outlet duct on the west Side of the heat pipes. Accessto thisarearequired approximeately
135 feet of supported catwalk, railings, and three metd ladders. The additiond structure made sampling
convenient and safe and was justified based on safety concerns aone, since the ports were gpproximeately
40 feet above the ground floor.

4.3 Performance Guarantees

The main reason for replacing the Unit 2 Ljungstrom air heaters with heat pipes was to decrease the plant
heet rate sufficiently to off set most of theincremental power needed for operation of the FGD system. The
heat pipe design offered the potentia of achieving thisby operating with lower flue gas outlet temperatures
to recover more heat and by reducing fan (PA, FD, ID) and FGD pump power requirements through
diminaionof air leskage. The specific guaranteesfor the combined, two hesat pipe system wereto reduce
the temperature of 1,500,000 Ib/hr of flue gas from an entering temperature of 680°F to 253°F using
125,000 Ib/hr of primary air entering at 80°F and 1,125,000 Ib/hr of secondary air entering at 80°F based
on aflue gas Sde specific heat of 0.2597 Btw/lb-°F and
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Table3
Sample Port/Tap Requirements for Each Heat Pipe
L ocation Duct Size, Traverse Port Number
Width-Depth Points Sze
Primary Air Inlet (on HP) 17.5-3.28 12 2" 6
Primary Air Outlet Duct 48" dia 20 2" 2@90°
Secondary Air Outlet Duct 6'-9' 24 2" 4
Hue GasInlet Duct 14.5-5.5 20 4" 5
Flue Gas Outlet Duct 34'-2.5 24 4" 12
Pri Hue Gas Out (on HP) 17.92'-3.28' 14 2" 7
Secondary Air Bypass (1) 17.5-2.09' 8 2" 4
Total 40
Special TC Taps
Secondary Air FD Fan Discharge 4 o 4
Pressure Tapson Heat Pipe (2)
Primary Air Inlet 3/8" 2
Primary Air Outlet 3/8" 2
Secondary Air Inlet 3/8" 2
Secondary Air Outlet 3/8" 2
Primary Flue Gas Inlet 3/8" 2
Primary Fue Gas Outlet 3/8" 2
Secondary Fue Gas Inlet 3/8" 2
Secondary Flue Gas outlet 3/8" 2
Total 20
Diagnostic Pressure Taps
Primary Hue Gas Damper DP 3/8" 2
Flue Gas Tube Bank DPs (Front Wall) 3/8" 8
Flue Gas Tube Bank DPs (Side Wall) 3/8" 16
Total 26
%)S%%g(% r;gqui rement of three foot maximum distance between ports was not adhered
ports were only used to check for zero flow in the bypass duct.
(2) Pressure taps are two taps spaced one foot apart and Y’ d together.

an air sde specific heat of 0.2469 Btuw/lb-°F. The air side pressure loss was not to be more than 5.35in.
WC and the average flue gas side loss was not to exceed 3.65in. WC. Theunitisguaranteed for zeroair
to gas leskage. Additiondly, the unit is guaranteed to operate for ax months without awater wash while
a3.2% sulfur cod isfired. System cleanliness is expected to be maintained using a
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maximum of four sootblowing cyclesper day. Thetherma performance, gas-sde pressuredrop, and zero
leakage guarantees extend to the end of the six-month period of acceptable operation.

4.4 Uncertainty Analyses

Measurement errors are a concern for al parties involved in equipment performance evauations,
particularly when determining if guarantees are being met. To determine what alowance should be given
for such errors, ABB APl and NY SEG requested that CONSOL R& D calculate the overall uncertainties
for:

@ The weighted average inlet and outlet temperaturesfor the primary air, secondary air, and
flue gas Sreams.

2 Thear and flue gas flow rates.
3 The air-to-gas leakage.
4 The totaly corrected flue gas temperature leaving the air heater.

Two uncertainty andyses were performed. The first andyss dedt with the items 1-3 while the second
andysis covered item 4. Both andyses are presented in Appendix E.

Measurement errors fal into two categories, bias errors and random errors. The bias errors are fixed
errors which remain constant during a test and cannot be reduced by repeated measurement of a
parameter. Aningrument off set would be anexample. Random errors are errors which can be reduced
by repeated measurement. Errors caused by signa noise or reading errors dueto changesin personnel are
examples. Both types of errors are propagated separately through the performance code calculation
procedures to obtain an estimate of the individua uncertainties (bias or random) in the calculated result.
These uncertainties are then combined using an appropriate satistic for the uncertainty interva of interest.

For a 95% confidence leve, the uncertainty in the weighted temperatures was shown to be about £1% of
the measurement in Fahrenheit degrees. The uncertainty in the air and gas caculated flow rates ranged
from 4.9% to 6.7% of the value. The air leak uncertainty was shown to be about 1.7% absolute. These
uncertainties are dl low and provide confidence in the calculated results. The bottom linein evaluaing the
therma performanceis, however, the uncertainty in thetotaly corrected flue gas outlet temperature for the
combined primary and secondary flue gas sections. The uncertainty in the ASTM code procedure for
cdculating this temperature was shown to be about +4.4°F. Therefore, for a 253°F performance target,
atotdly corrected flue gas outlet temperature of 257°F would still bein the expected uncertainty rangeand
would indicate acceptable performance.

45 Thermal Performance

For the Milliken CCT-IV test program, the ASME PTC 4.3 procedure was used to eva uate the therma
performance of the new hegt pipe air heaters. This procedure is costly and time consuming to conduct
properly, but it provides anideal meansof evauating theair heatersto determineif guarantee performance
is achieved and can be used to track performance loss due to mechanica
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falure or fouling. The procedure establishes the actua performance regardless of shiftsininlet conditions
from the design basis. Asexplained in Section 4.1, this is done by calculating temperature correctionsto
the measured flue gas outl et temperature which refer back to the design conditions. If therecdculated, i.e.,
totaly corrected, flue gas outlet temperature is equa to or less than the design outlet temperature, the
performance matches or exceeds the design. Use of the code procedure is a more exact means of
assessing performance than other techniques such as, comparing or following changes in tota heet
transferred, thermd effectiveness, log mean temperature difference, or UA (overdl heet trandfer coefficient

X area).

Three detailed, high load performance tests were conducted. Detailed reports covering each test may be
found in Appendix F. The firg test was a clean condition test conducted 41 days after a boiler start-up.
The second test was a fouled condition test conducted just over six months (187 days) after a clean
condition start-up. Thethird test was a clean condition test conducted 20 days after heat pipe washing.
This last test was used to assess the therma recovery following water washing of fouled units and to
address guarantee performance since the cleaning prior to the test was considered acceptable by the
manufacturer ABB API. Test results are summarized in Table 4. The table provides temperatures and
flows for the main streams which pass through the heat pipes, the temperature correction terms and the
corrected flue gas outl et temperatures from the primary and secondary sections, and the combined totally
corrected flue gas outlet temperatures.

The clean condition tests were conducted to assess the guaranteed performance, so thesetestswere done
in duplicate. However, for thefirst 2B heet pipe clean condition test (May 14, 1996), aproblem with the
inlet flue gasandys swas discovered after the datawere collected. Although adjustmentswere madeusing
an dternate caculation procedure, the result is not presented here. The fouled condition tests were
conducted to establish the degree of performance decline after sx months of operation. Thesetestswere
mainly of academic interest, so to save costs duplicate testing was not done.

The test resullts indicate the following:

1. Under clean operating conditions, the therma performance of both heet pipes approached but
never met or exceeded the guaranteed flue gas outlet temperature; i.e,, the totaly corrected flue
gas outlet temperature was never equd to or below 253°F. The average combined temperature
approach to design for the two heat pipes was 15.7°F ((18+17+12)/3) and 18.5°F
((20+23+16+15)/4) for the first and second clean condition tests, respectively. Based on the
CONSOL andysis, the uncertainty in these numbersisabout +4.4°F for a95% confidence levd.

2. When clean, the 2B heat pipe performed dightly better than the 2A heat pipe. For the first clean
condition test, the approach to the design flue gas outlet temperature was 12°F for 2B versus
17.5°F (avg.) for 2A. For the second clean condition test, the approaches to the design flue gas
outlet temperature were 15.5°F and 21.5°F for the 2B and 2A hesat pipes, respectively.
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During the period when the fouled condition performance was measured, the 2B hegt pipefouled
more rgpidly than the 2A unit. Thisisindicated by the higher approach to design flue gas outlet
temperature for the 2B hesat pipe a the end of the sx-month test period, i.e., 83°F for the 2B
versus 30°F for 2A and by higher flue gas side pressure drops, i.e., 9.0 in. WC for the 2B hesat
pipe and 5.9 in. WC for 2A (pressure drops corrected to design flow and temperature). Slight
differencesin the flue gas flow baancing and temperature control between the two hesat pipesis
likely respongble for the more rgpid fouling of the 2B hegt pipe during this particular test period.
A review of other operating periods indicates a random behavior with respect to which hesat pipe
fouled quickest.

Washing the heet pipes was very effective in removing cold-end fouling deposits and recovering
therma performance. Thisis shown by flue gas Sde pressure drop recoveries after washing and
by the close approach of the totally corrected flue gas outlet temperatures for the clean condition
tests.

The results indicate a dight performance decline for both heat pipes between the two clean
conditiontests. The approachto the design flue gasoutlet temperatureincreased 4°F (17.5°F avg.
increasing to 21.5°F avg.) for the 2A heat pipeand 3.5°F (12°F increasing to 15.5°F avg.) for the
2B unit. This loss in performance, may or may not, be read dnce it fals within the +4.4°F
uncertainty of the analysis procedure. If the declineisred, it maybe due to a dight difference in
the heat transfer surface fouling between the two tests, or to 1oss or deterioration of some hegt
transfer fluids. Longer term performance monitoring is needed to establish if there isatrend.
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Table 4

Heat Pipe Thermal Performance
Totally Corrected Flue Gas Outlet Temperatures (1)

_98_

2A 2B
Date 5/14/96 5/15/96 10/7/96  11/7/96 11/8/96 5/14/96 5/15/96 10/8/96 11/7/96 11/8/96
Test Condition Clean Fouled After Wash Clean Fouled After Wash
Boiler Load, MW net 149.0 147.2 142.4 146.9 147.8 @) 1472 1422 146.8 147.8
Primary Section
Primary Air Rate, Ib/hr 75,900 73,600 56,400 58,800 73,500 73,500 59,300 53,600 68,700
TIn,°F 111 116 120 115 106 116 112 115 107
T Out, °F 593 605 600 604 576 590 614 614 592
Primary Flue Gas Rate, Ib/hr 98,070 105,700 85,300 92,980 97,000 85, 900 111,800 80,510 91,570
TIn,°F 675 677 667 659 658 671 655 663 661
T Out, °F 294 304 330 324 288 269 368 325 283
T Out No Leak, °F (3) 323 356 368 368 322 287 404 349 317
Temperature Corrections For Difference From:
Design Entering Air Temp, °F 273 280 305 303 271 243 351 303 265
Design Entering Flue Gas Temp, °F 296 305 335 332 295 272 380 332 290
Design X-Ratio, °F 327 307 318 299 315 330 293 316 308
Air Leak Correction, °F 29 52 38 44 34 18 36 24 34
Design Flue Gas Flow Rate, °F 292 300 332 324 287 270 362 328 283
Corrected Outlet Temp, °F 335 332 338 329 337 325 319 328 329
Secondary Section
Secondary Air Rate, Ib/hr 497,200 481,200 498,200 531,100 539,700 482,100 500,900 516,300 535,400
TIn, °F 89 95 102 94 85 94 93 94 83
T Out, °F 612 619 588 584 578 612 490 596 595
Secondary Flue Gas Rate, Ib/hr 649,200 636, 300 659,600 655,100 658,600 606,200 562,300 658,200 686,500
TIn, °F 675 677 667 659 658 671 655 663 661
T Out, °F (Ht. Bal) 296 303 321 283 276 281 323 290 283
Temperature Corrections for Differences From:
Design Entering Air Temp, °F 291 293 307 274 273 271 315 281 281
Design Entering Flue Gas Temp, °F 298 304 326 290 284 284 333 296 290
Design X-Ratio, °F 264 267 284 268 264 260 331 265 257
Design Flue Gas Flow Rate, °F 297 304 321 283 276 284 328 290 281
Corrected Flue Gas Outlet T, °F 261 260 276 265 267 257 339 262 260
Totally Corrected Temp, °F 271 270 283 273 276 265 336 269 268
Approach To Design, °F 18 17 30 20 23 12 83 16 15

1) Based On CONSOL Method Of Calculating Flue Gas Outlet Temperature Corrections For Deviations From Design X-Ratio And Design Gas Flow.
2) Test Result Questionable Due To Problem In Measuring The Inlet Flue Gas Composition. See Performance Report For Discussion.
(3) Air Leak From Sootblower Penetrations Assumed To Flow Into Primary Flue Gas Section.




4.6 Air Leakage

The dl welded congtruction of the heat pipe air heaters prevents air leakage from the higher pressure
primary and secondary air sectionsinto the flue gas sections. The modules are sedl welded together and
al tubes are welded to the divider plate which separates the flue gas and air sections. Baring cracked or
missng welds, no leakage should occur. However, because the flue gas sections operate at nomindly 10
in. WCto 15in. WC negative pressure, Significant amounts of air can be drawn into the heat pipesthrough
check valves on the sootblowers and at the sootblower wall penetrations. The check vaves dlow a
continuous ambient air purge to sweep fly ash and flue gas from the lances when the sootblowers are
inactive. Thelesk at thewall penetrationsis due to the designed-in, loose-fit (3/32" annular gap) between
the sootblower lance and the wall sedl ring.

The ASME air heater performance code was followed to determine the total |eakage associated with the
ambient air infiltration. This was done by determining the inlet and outlet flue gas flow rates and then
subtracting theinlet rate from the outlet rate. The resultsfor the May and November 1996 clean condition
tests are presented in Table 5 as percentages of the inlet flue gas flows. By the code procedure, the gas
rates are ca culated based on the measured inlet and outlet flue gas compositions, the measured coa feed
rate, and the coa compostion.

Table5
Measured Air Leakages, wt. % of Inlet Flue Gas Flow
Heat Pipe 2A 2B
Date Boiler Load Totd Leskage Unaccounted Totd Unaccounted
MW Leskage Leskage Leekege
5/14/96 149 27 19 ND ND
5/15/96 147 44 36 14 12
11/7/96 147 25 24 12 10
11/8/96 148 24 22 22 21
Average 30 25 16 14

During both clean condition tests, the lance purges for al 32 sootblowers were measured by sedling one
end of a2-inch diameter plastic tube around the lance check valves and using amini pitot tube to measure
the air velocity through the tube. The total purge rates averaged 2,680 Ib/hr or about 84 Ib/hr per
sootblower. This is typicaly less than 0.18% of the inlet flue gas flow & full boiler load (nomindly
1,500,000 Ib/hr). Similar measurements at the sootblower wall penetrations were not possible due to
equipment clearances. Theleak a the wall penetrations was taken to be the unaccounted air lesk. This
is the difference between the tota |eak rate determined by the ASME code and dl ar in flowswhich can
be accounted for, such as, the lance purge flows and the air consumption of the infrasonic cleaner (4,800
Ib/hr for the 2A heat pipe only, for some tests).
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Asshownin Table 5, the leak rates are quite low for the heat pipes. Totd leakages averaged 3.0 wt. %
and 1.6 wt. % of the inlet flue gas flow for the 2A and 2B hest pipes, repectively. The uncertainty inthe
lesk rate is about £1.6 wt. % absolute. Similarly, the unaccounted leskages, which are taken to be mainly
the leak at the sootblower wall penetrations, averaged 2.5 wt. % and 1.4 wt. % for the 2A and 2B hesat
pipes, respectively. The somewhat higher lesk rates for the 2A heat pipe maybe due to differences in
wear/fit of sootblower lancewall sedl rings or dueto the presence of other leaks, such as, leaks at manway
door seals.

4.7 Unit Pressure Drops

Checks were made of the guaranteed pressure drops for both air heaters during the clean condition
performance tests. To insure accuracy of the differentid pressure measurements, specid pressure taps
were indaled on the heat pipe casings per ABB APl ingructions. These taps consisted of two 1/8"
diameter holesdrilled through the casings and spaced horizontally onefoot gpart. The holeswere deburred
to prevent turbulence at the insde wall opening. Each tap pair was“ Y’ ed” together and then connected
to the appropriate Sde of aliquid manometer for differentid pressure measurement.

The operating pressure drop checkswere donein accordance with the ASME PTC 4.3 code procedures.
These procedures correct the measured pressure drops for deviation from design gas or air flow and
temperature. The design pressure drops are:

Flue Gas 3.65in. WC
Primary Air 3.60in. WC
Secondary Air 5.35in. WC

Measured performance results are presented in Table 6 as apercent of design. Theresultsshow that the
actua performance essentialy met or exceeded the design.

Table 6
Performance Summary -- Heat Pipe Pressure Drops
Clean Condition Tests
Unit 2A
Boiler Load Fully Corrected Pressure Drops, % of Design
Date MW net Flue Gas Primary Air Secondary Air
5/14/96 149 98% 4% 106%
5/15/96 147 99% 73% 110%
11/7/96 147 95% 86% 99%
11/8/96 148 94% 73% 98%
Average 97% 76% 103%
Unit 2B
5/14/96 151 106% 75% 104%
5/15/96 147 107% 78% 102%
11/7/96 147 101% 96% 99%
11/8/96 148 95% 87% 94%
Average 102% 84% 100%
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4.8 Corrosion Monitoring Program

Previous work done by EPRI and NY SEG had demonstrated that the CAPCIS corrosion monitoring
system could be used in condensing environments, such as the flue gas streams in and around utility air
heaters. NY SEG purchased two CAPCI Selectrochemical corrosion probesand DOSbased VISICOR™
software to log and graphically present the data as part of the preliminary testing done to select materids
of congtruction for the Milliken heet pipeair heeters. Thetestingincluded monitoring corroson ratesintwo
pilot heat pipes, one a EPRI’ s Environmental Control Technology Center, the other at NY SEG' sMilliken
Staion, and corroson monitoring in the ductwork ahead and downstream of the Milliken Unit 2
precipitator. To reduce the preliminary test costs, probe temperature control hardware and field data
acquidtion/sgna processing eectronics were borrowed from EPRI.  The experience gained with this
equipment indicated that the corrosion probe system was sengtive to changesin corrosion rates and that
after being cdibrated, could provide reasonably accurate estimates of the actua corrosion rates.

As pat of the CCT-IV test program, NY SEG committed to ingtaling and testing an on-line, red-time
corrosion monitoring system supplied by CAPCIS March Ltd. Two air-cooled corrosion probes, (Cor-
TenA™  SA-178A carbon stedl) wereingtaled a the outlet of the Milliken Station 2B heat pipe and two,
passive (not air-cooled) wall corrosion probes (SA-178A CS) wereingtdled in the ductwork just ahead
of the Unit 2 FGD scrubber. This probe combination allowed for corrosion monitoring of the actua
materids of congtruction in the expected severest condition locations. The air-cooled probe temperatures
were controlled to match or be offset from the temperatures of cold-end heat pipes which had been fitted
with thermocouples. This provided a means of maximizing heet recovery by operating a the lowest flue
gas outlet temperature consistent with alow corroson rate.  After gaining confidence in the monitoring
system, theintent wasto use the corrosion probe signalsto control the secondary air bypass damper inthe
heat pipe.

NY SEG had CAPCIS refurbish the air-cooled corrosion probes and purchased al new temperature
control hardware, field electronics, and software. At the time of purchase, CAPCIS was sgnificantly
reviang their corroson monitoring systems. The field eectronics was redesigned and the DOS software
was replaced with a graphica interface UNIX based database system. These changes created many
hardware and software problems which are being addressed at the time of thiswriting. Currently, there
is insufficient historical data on ether the air-cooled or the passve probes to draw any conclusons
concerning corroson monitoring. At thistime, CAPCIS (now Integriti Solutions) is standing behind their
equipment and is working with NY SEG to provide an operable, debugged monitoring system.

5.0 OPERATIONS
5.1 History
Table 7 summarizes the operations history for the heat pipe ar heaters. A more detailed higtory is

presented in Appendix G. Between June and December 1994, the Unit 2 boiler was off line to dlow
rebuilding and upgrading of the dectrogtatic precipitator particulate collectors, construction and tie-
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6/18-12/11
12/11

25 - 127

227 - 33
5/16

915 - 102
10/2 - 3/15/96

315 - 4/3

513 - 517

719

8/30

9/6

10/7 - 10/8
10/11 - 10/18
11/7 - 11/8
331 - 420
1024 - 10/31

4/24

Table7
Milliken Heat Pipe Air Heater Operations Summary

1994
Unit 2 outage to rebuild and modify the ESP, S-H-U scrubber tie-in, and heet pipe ingtallation.

Start up of boiler, heat pipe put into service.

1995
ABB AP obtainsfidd data.on hegt pipe performance. Therma performanceislessthan expected. Hue
gas outlet temperatures are higher than design.

Initia repairs made to the heet pipes (installed perforated distribution plates on primary and secondary

air fan outlets, ingaled specia condenser end bafflesin the primary section of the 2B heet pipe, checked
vacuum on approximately 110 tubes).

When heat pipes were back in service, the operation of unit 2B primary air heating section improved.

ABB API'sandlysis of the gas from naphthalene tubes reved s that high levels of H,, CO, and ethylene
are being generated.

CONSOL anaysis of naphthaene samplesindicatesthat two low level contaminantsin the naphthaene
are breaking down and are likely responsible for the non-condensable gases found by ABB AP in the
naphthalene tubes.

ABB AP repaired both heet pipes. Vented and resealed 2,400 ngphthal ene containing tubes to remove
non-condensable gases.

Operation of heet pipes monitored. Repairs resulted in improved performance. Performance observed to
gradudly decline due to cold-end fouling. Sootblowers not effective in kegping units clean.

1996
Heat pipeswashed. Low frequency (infrasonic) cleaner ingtalled on Unit 2A hest pipe.

Firdt detailed air heater performance tests conducted.

Ceased operation of the infrasonic cleaner due to development of cracksin theinlet ductwork to the 2A
ESP.

Placed infrasonic cleaner back in service at 75% of full power.
Began operating infrasonic clesner a full power again.
Detailed fouled condition hegt pipe performance tests conducted.

Shutdown Unit 2 boiler for heat pipe cleaning and repair of fatigue cracksin the 2A ESPinlet ductwork.
Ductwork dtiffened.

Second detailed clean condition hegt pipe performance tests conducted.

1997
Unit 2 bailer off-line for annua outage. Hest pipes cleaned. Operation of infrasonic cleaner was
discontinued because cracks were found in division wall separating the primary and secondary flue gas
sectionsin the 2A hest pipe.
Unit 2 taken off line -- convenient time for heat pipe cleaning.

1998
Unit 2 boiler off-line for annud outage.
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in of the S-H-U flue gas desulfurization scrubber system, and ingtdlation of the heet pipe ar heaters. The
Unit 2 boiler was placed back in service on December 11, 1994.

Theinitia operationsindicated that the heet pipe air hesterswere not performing up to design expectations,
i.e., the full load flue gas outlet temperatures were in range of 270-290°F compared to expected
temperatures of 250-260°F. In late January 1995, ABB API obtained field data which confirmed these
results. The fidd data dso indicated that there were problems with the inlet air side flow digtributions.
To correct the problems and dlow further andysis, ABB APl recommended (1) ingtalation of additiona
tube diagnostic thermocouples (TCs), (2) ingalation of specid condenser-end bafflesto help redirect flue
gases traveling down the heat pipe walls back into the tube bundles, and (3) the sampling of selected heet
pipe tubes to determine if the heat transfer fluid had deteriorated.

Initid repairs were made to the heat pipes between February 27 and March 3, 1995, during a boiler
shutdown to clean turbine screens. The recommended ABB APl TCs were indtaled; perforated plates
were added to the primary air and FD fan dischargesto improvetheair flow distribution to the heat pipes;
condenser end baffleswereingtdled in the primary section of the 2B hest pipe; and the contents of severd
tubeswere sampled. One hundred and ten tubeswere evacuated and resedled. After the boiler was back
in sarvice, the operation improved for the primary air heating section of the 2B hest pipe.

AnABB API analysisof heet pipe contentsindicated noncondensable gases containing hydrogen, carbon
dioxide, and ethylene were being generated in the naphthalene tubes. An andyss done by CONSOL of
fresh ngphthaene and “used” naphthaene from the Milliken air heatersindicated that certain contaminants
in the nagphthaene were decomposing and generating the gases. To eiminate the noncondensing gases,
ABB APl recommended that the hegat pipes with ngphthal ene be reevacuated under cold conditions and
momentarily vented under hot conditions. This procedure would correct the problem assuming that the
contaminant decomposition was a one time event.

Heat pipe repairs and modifications were affected by ABB APl during the two week outage beginning
September 15 to October 2, 1995. By October 5, 2,400 tubes were evacuated, hot vented and
resedled. When the units were again in operation, ABB API evauated the performance and notified
NY SEG that the heat pipes were performing as designed and recommended that a performance test be
conducted within 60 days. To insurethat continued decompasition of ngphtha ene contaminantswould not
be a problem, the performance tests were deferred. Additiondly, there was concern that the hest pipes
were not clean enough for aguarantee performancetest. The boiler outage schedule had dlowed timefor
only a partid washing of the heat pipes. A complete washing was not done until April 1996.

BetweenOctober 2, 1995 and March 15, 1996, the performance of both heat pipesgradually deteriorated
due to cold-end fouling. The flue gas Sde outlet temperatures and the pressure drops across the tube
banks both increased. Unit 2 was shut down between March 15 and April 3, 1995 for water washing of
the heat pipes and to dlow ingdlation of an infrasonic cleaner (Infrafone™ ) on the 2A heat pipe. For
comparison, the 2B hesat pipe air sootblowers were fitted with specid expanding nozzle jets.
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NY SEG and CONSOL conducted the first detailed ASTM Code procedure performance tests between
May 13, and May 17, 1996. These tests were not observed by ABB APl personnel since they fdt that
the units had not been cleaned sufficiently. The performance results were, however, the best obtained
during the test program.

When fird placed in service, the infrasonic cleaner was operated continuoudy a full power level. This
appeared to save off fouling in heat pipes, particularly within the 2A unit. However, because of theintense
sound level (140 dB) within the equi pment, resonation caused cracksin the ductwork between the 2A heat
pipe outlet and the 2A ESPinlet. The infrasonic cleaner was then taken out of service for gpproximately
1.5 months (7/19/96 to 8/30/96) until temporary repairs could be made to the ductwork. The unit was
placed back in continuous service at three-fourths power on August 30, 1996. Fouling of both hesat pipes
gppeared to intengify after the infrasonic cleaner was placed back in service. However, it isnot known if
the apparent increasein fouling was caused by the sudden doughing of depositswhich had beenlaid down
while the infrasonic cleaner was out of service, or to increased acid/fly ash deposition due to the change
over to a higher sulfur cod. Commencing on September 6, 1996, the infrasonic cleaner was again
operated at full power. Thisdid not gppear to reduce the fouling or fouling rate.

On October 7, and October 8, 1996 heat pipe testswere again conducted to establish the fouled condition
performance after gpproximately six months of continuous operation. The tests showed that the 2A heat
pipe with the infrasonic cleaner, was somewhat less fouled and operating better than the 2B heat pipe.
However, thethermd performance of both heat pipes had degraded significantly and flue gas sSide pressure
dropswere high. The Unit 2 boiler was taken out of service between October 11, and October 18, 1996
for heat pipewashing and S-H-U scrubber cleaning. During thisperiod, theductwork between the 2A heat
pipe and the ESP inlet was dtiffened to diminate resonant vibrations. The stiffening wasaccomplished by
interndly bracing the vertical ductwork using a series of four-inch diameter pipes welded to opposite duct
wadls.

OnOctober 17, 1996, representativesof NY SEG, ABB AP, and CONSOL R& D inspected thewashed
hest pipes. One smdl area with some deposition was located in the 2B heet pipe. After this areawas
cleaned, dl parties agreed that the units were clean and ready for testing. Performance tests were then
scheduled and conducted on November 7 and November 8, 1996. These tests served adual purpose of
being both guarantee performance tests and tests which demonstrated therma performance recovery
following deaening. Thetestswerethelast detailed performance tests conducted during the demonstration
program. Operations of the heat pipes were followed usng computer-logged process data for the
remainder of the test program.

Anannud outagefor the Unit 2 boiler occurred between March 31 and April 20, 1997. During the outage,
the heat pipes were ingpected and cleaned. Cracks were found in the division walls between the primary
and secondary flue gas sections in the 2A heat pipe. It was speculated that the operation of the sonic
cleaner may have contributed to the cracking. The crackswererepaired and it was decided to discontinue
the operation of the sonic cleaner.

After the annua outage, the Unit 2 boiler and heat pipes were placed back in service on April 20, 1997.
Throughout 1997, the heat pipe air heaters were operated in anorma fashion. Except for one
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short boiler outage in May to fix a superheater tube leak, Unit 2 remained in service until October
24, 1997 when it was convenient to wash the heat pipes. Between October 31, 1997 and April 24,
1998, the Unit 2 boiler and heat pipe air heaters were again operated in the normal fashion with no
major operating problems experienced.

5.2 Primary/Secondary Air Distribution Problems

After initial operations indicated below design performance for the heat pipe air heaters, ABB API
obtained diagnostic performance data on the units during the last week of January 1995. Analysis
of the secondary air outlet temperature data indicated a north-south bias in the temperature
distributions. The temperature biasing for the A and B heat pipes appeared to be mirror images
indicating that the non-uniform discharge velocity profiles of the FD fans might be responsible.
Additionally, primary air temperatures within the upper sootblower lanes showed steep drop offs
with distance from the partition plate (distance from the evaporator end). This indicated the possible
presence of noncondensing gases in the hottest heat pipes.

To help flatten the fan velocity profiles, ABB API recommended installation of perforated plates at
the primary air and secondary air (FD) fan outlets. The original heat pipe flow modeling study
recommended similar distribution plates (see Appendix C). Figures 17 and 18 show how the
perforated plates were installed. The plates were made of 10 gage carbon steel with 63 percent open
area.

1 : T

PERF. PLATE
_/ BAR 3/8 X ¥
BAR 3/8° X 1-1/7 EXISTING VANES INTERNAL SUPPORTS~TYP
PERIMETER
SUPPQRT-TYP
A A
Vv V

Figure 17. Perforated plate installation in the primary air fan discharge duct.
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Figure 18. Perforated plate installation in the FD fan discharge duct.

A small amount of noncondensable gas in the heat pipes is often unavoidable due to the presence
of trace contaminants in the working fluids and/or the breakdown of the contaminants. In an
operating heat pipe the noncondensing gases are forced to the top end of the condenser tubes. This
creates a dead zone where little heat transfer takes place. To improve the overall heat transfer
performance, ABB API recommended installation of short (12" to 20" wide) condenser end baffles.
The baffles force air flowing across the dead zones back into the center of the heat pipes where the
air can be heated. The baffle installation is shown in Figure 19. Baffles were installed in both the
primary and secondary air heating sections of both heat pipes.

The effects of the perforated air distribution plate and condenser-end baffle modifications cannot be
isolated. The changes were made simultaneously along with the re-evacuation of the naphthalene
filled tubes to remove noncondensable gases. However, the combination of changes improved the
heat pipe thermal performance and reduced the north-south outlet temperature bias of the secondary
air from the air heaters. The original ABB API measurements taken in January 1995 showed an
average north-south temperature difference of about 40 °F. Data taken during the first performance

test in May 1996 with the air heaters in a clean condition, indicated average temperature differences
of only 11°F-16°F.

5.3 Heat Transfer Fluid Degradation

Based on the results of the January 1995 heat pipe air heater diagnostic tests, ABB API elected to
measure the pressures in selected heat pipe tubes and to analyze the vapor components. During the
February 27 to March 3, 1995 Unit 2 shutdown, ABB API checked the vacuum in approximately 110
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tubes. Many of the tubes with naphthalene working fluids had internal pressures exceeding the
naphthalene vapor pressure indicating the presence of noncondensable gases. Analyses of the gas

revealed high levels of hydrogen (60-65 vol. %), carbon dioxide (18 vol. %), and ethylene (18 vol.
%).

AR FLOW

<4
Y

oy

QT
6 03¢ Rows

rrrrrxa

SOOTBLOWER LANE
eet— 20"

ey
r

1 "Ret ows 4
o

QLD (=
FINNED HEAT ~

PIPE TUBES
SOOTBLOWER LANE
H— 207

- rrzorrrr

1"t ‘mws <
ST
ST

\ [r22222227]
SOOTBLOWER LANE - l . 7

r oz

—

(IO e
LR

8 oo ows < ST TERITITEC
HAIEREERRIANRTELTECTERE RO DR RVARRRRRROIEA :>_m \PPLES
{ITATTITEITFITITAMTINICACCON,) |

EmE
AR FLoW P

Figure 19. Condenser end baffle installation.
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ABB API specified a 99.95 wt. % purity for the naphthalene use in the heat pipes. However, some
naphthalene at 99.5 wt. % purity was later determined to have beenreceived. When it was know that
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noncondensable gases were being generated, NY SEG requested samples of fresh unused naphthaene,
used ngphthaene from the heat pipes, and thionaphthene, the contaminant suspected of causing the gas
generation. CONSOL R& D anayzed the samples by gas chromatograph mass spectroscopy (GC/MS).
The results, which are presented in Appendix H, showed that the thionaphthene concentrationsin the fresh
and used sampleswere quite Smilar indicating that thionaphthene was not decomposing and was not likely
responsble for the gas generation. The more likely cause was decompostion of two unidentified
compounds which werefound in the fresh but not in the used naphthdene. Subsequent anayses indicated
that there were no strong inorganic acids in either the fresh or used naphtha enewhich could havereacted
with the heat transfer fluid or heet pipe tube metd to generate noncondensable gases.

To diminate the gas generation problem, ABB APl proposed to ingdl vaves on the heat pipe fill sems
so that the naphtha ene tubes could be re-evacuated under cold conditions, and then, to vent the heat pipes
under hot conditions to remove gases forced to the condenser end.  Since the unidentified compounds
boiled at temperatures below naphthaene, this procedure had a high potential of success. During the
September to October 1995 shutdown of Unit 2, ABB APl vented and resedled 2,400 naphthalene-
containing tubes.

When Unit 2 wasback in service, ABB APl determined that the heat pipeswereworking asdesigned and
recommended performance testing within 60 days. The first clean condition performance tests were,
however, not conducted until May 1996. Thisinsured againgt an overly optimigtic performance result by
providing someadditiona timefor any remaining naphthal ene contaminantsto decompose. A second clean
condition test was conducted in November 1996. The ABB APl re-evacuation/hot vent procedure
appears to have been successful in removing the contaminants since where was only asmall deterioration
in therma performance between the two heat pipe tests. The therma performance decline amounted to
a2°Fto 5°F increase in the totaly corrected flue gas outlet temperature. Alternate explanations, for the
andl performance decline, include: test result variaion (the result difference is about equivaent to
uncertainty leve), the possibility of adifferencein fouling leve, or, aswill be discussed in the next section,
loss of some of the naphthaenefill fluid.

5.4 Naphthalene L eaks

Working fluid leskage was not a concern or a problem for the heet pipes as origindly constructed. The
individud hesat pipes had an all-welded construction with seal welded end caps and crimped and seal
welded fill tube connections (see Figure 3). Leakage became aconcernto NY SEG after the ngphthalene
filled tubes were modified to remove the buildup of noncondensable gases as discussed in the previous
section. ABB APl recommended and installed Swagelok “P’ series purge vaves with short capped
extenson nipples on each heat pipe that contained naphthalene. These modifications alowed removal of
the noncondensable gases from the heat pipes and future re-venting should additiona gas generation take
place.

After the modifications were made, there was a strong naphthalene odor in the plant and no odor prior to
the modifications. Because of this, NY SEG ingtituted a naphthalene monitoring program. There was
concern that some or dl the modified tubes were leaking and with time would become exhausted of heat
trandfer fluid.

- 46 -



Figure 20 shows the end of a modified heet pipe tube sheet with the capped fill tube nipple extensons
protruding through soft insulation. The insulation covers the fill tube purge vaves. Under normd
conditions, the tube sheets ends are covered by casing panels. To check for naphthaene leaks, test ports
were added to the casing panels. Each port conssted of a capped pipe nipple extending from the casing
panel through the externd insulation and the corrugated lagging. One test port was ingtalled for each
naphtha ene module, three portsin the primary sections and four ports in the secondary sections of each
heet pipe (refer to Figure 7 for the layout of the ngphthaene modules).

Figure 20. Modlfled fill nipples on hest pipes with na:)hthdeneworkmg fluid.

Naphthalene leak measurements were made using a Photovac Microtip HL-200 anayzer calibrated with
98.5ppm isobutylene. The analyzer measures the presence of hydrocarbons using a photo ionization
detector. The amount of ngphthalene was determined from the instrument output and arelative response
factor for ngphthaene. Typicaly, the sampling procedure was to open a port for 10 seconds, sample for
10 seconds and take a reading.

The leak check results are presented in Table 8. For the first four sampling periods, the data indicate an
overdl higher lesk rate for the 2A hest pipe than for the 2B heet pipe. Most importantly, the last sampling
data (December 9, 1997) suggeststhat the leaking tubesin both heat pipes have become exhausted. This
may mean that dl of the origindly lesking tubes are now empty and that there will be no additiond effect
on the heat pipe therma performance. However, this still remainsto be proven. Continued periodic lesk
check monitoring will be needed to determine if the system has stabilized.
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Table8
Naphtha ene Leak Check Measurements
Naphtha ene Concentrations, ppm

Heat Pipe | Module (1) 5/21/96 9/18/96 | 10/28/96 3/4/97 12/9/97
2A Al 1,400 8,100 $2,000 3,000 66
2A A2 87 24 $30 50 8
2A A3 265 230 $700 400 22
2A Bl 76 360 #5 200 22
2A B2 28 230 #100 400 18
2A B3 95 0 #10 30 15
2A C3 0 0 0 0 0
2B Al NS 0 $400 70 20
2B A2 NS 0 0 0 0
2B A3 N/I N/I 0 0 0
2B Bl 95 0 $100 300 8
2B B2 N/I N/I $100 0 0
2B B3 N/I N/I 0 20 0
2B C3 86 360 $200 550 0

(1) SeeFigure 7.

NS - Not sampled, N/I - Port not installed

55 Cold-End Fouling

As shown in Figure 5, the hest pipes are constructed with four levels of tube banks (modules). Sincethe
flue gas flow through the air heeters is downward, the bottom tube banks are the cold-end modules. As
withLjungstrom and tubular air heatersin cod-fired service, these cold-end sectionstend to gradudly foul.
The Milliken heat pipe cold-end deposits contained high levels of sulfur (14 wt. %) indicating that the
fouling is caused by sulfur trioxide (SO;) condensation from the flue gases (see the fouled condition
performancereport in Appendix F). Condensing SO; reactswith water vapor forming asticky sulfuricacid
liquid which trgps fly ash. Gradualy, fly ash/acid deposits build up in the cold-end module restricting the
flue gas flow through the unit. The fouling is dependent
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upon the amount of SO; in the flue gases, the cold end metdl temperatures, and the effectiveness of the
sootblowing.

At Milliken, the heet pipes are washed approximately every six months to remove the cold-end deposits.
Inal but the cold-end modules, the heat pipes on the flue gas Sde appear as shown in Figure 21 with tubes
and finsfree of depodts. Normaly, most of the top side of the cold-end tube bank will aso be free of
deposits. However, in some localized aress, deposition gppears as shown in Figure 22 indicating the
beginning of the fouling zone. Figure 23 shows the typica condition of the cold-end module as seen from
the bottom. Throughout the module, deposition occurs mostly on thetop Side of the tubes dueto the direct
impact from the downward flowing flue gases and fly ash. The deposition appears to increase with depth
astheflue gasesflow through the tube bank and progressively contact colder heat pipes. Figure 24 shows
the tube bank after cleaning. When clean, alight, placed bel ow the cold-end module, can be seen (bottom
center) through the eight-row deep tube bank.
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Figure 23. Bottom view of cold-end tube bank showing deposits on top side of tubes.
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Figure 24. Top view of acold-end tube module after cleaning -- note light showing through tubes.

Increasing flue gas Sde pressure drop and flue gas outl et temperature are sgns of cold-end fouling. Figure
25 shows typica flue gas sSde pressure drops for the heet pipe air heaters under high load conditions. Al
pressure drops are corrected to acommon basis. Breaksin the plotted data indicate the times when the
Unit 2 boiler was off-line for maintenance. During these periods, the heet pipes were washed to remove
the cold-end deposits. Figure 25 shows that for one or both heat pipes the flue gas side pressure drops
generdly increase to high levelsin fiveto sx months after cdleaning. Thefigure dso showsthat the basdline
pressure drop of about 4 in. WC is recovered following each full cleaning. Clearly, for the last four wash
operations, equivaent cleanliness was achieved for the two heat pipes. The reader may note that the
basdline pressure drops are dightly higher (0.1in. WC - 0.5in. WC) than the pressure drops reported for
the performancetests. Thisismostly dueto differencesin measuring equipment and pressure tap location
for the plant process control system versusthe specid high accuracy taps and instrumentation used for the
performance tests. The differences are not significant for the day-to-day system performance monitoring.

For the last operating period shown in Figure 25, the heat pipe pressure drops were better behaved and
did not yet show the typica high pressure drop increase. Thismay bedtributableto indtituting apractice
of not operating the boiler at less than 80 MW load and more attention to balancing heet pipe flows and
temperatures. These operating practices help to avoid excessively low cold-end heat pipe temperatures
which promote fouling.

-5]1 -



(Common Basis 160 MW, Tin=680°F, Tout=253°F)
12
1 =4 2 2 £ 2
-1 b = = = [
§ § 3 3 2 2
10 s © ° = c =
o e 3 s s s 3
-— T ' w L [T
<y I "\
- ©
s 8-09 E
a o a
o 1= =N
P ¢
3
s r‘w/ :
e o
3 2
o4 ; -4 3
3 _ IR N 3 3
: [ 13
1 T T T T T T 1 3
01/01/95 07/02/95 01/01/96 07/01/96 42/31/96 07/01/97 12/31/97 ﬁ
Date <
— 2AHP —— 2BHP Coal S (AR)

Figure 25. Flue gas side pressure drops and coal sulfur level 1995 to 1998.

5.6 Wash Methods

Heat pipe cleaning is simplified through the use of internal wash pipes incorporated in the original
design. Each air heater is equipped with 18 stationary wash pipes for off-line cleaning. The wash
pipes each consume 180 gpm of water at 75 psig. Figure 26 shows the layout of the wash pipes
above the topmost heat pipe module. There are similar headers above each flue gas side module and
each wash pipe is equipped with several nozzles.

When plant personnel first attempted to use the wash system, many nozzles were found to be
plugged with fly ash deposits. Fly ashmigration into the open nozzles during normal plant operation
coupled with moisture and acid condensation caused the deposits. The problem is now avoided by
operating the heat pipes with the nozzles removed and the nozzle connections capped. The nozzles
are installed just before the heat pipes are to be washed. After washing, the nozzles are all removed
and stored until needed again.

While the boiler is being taken out of service. the heat pipes are sootblown to remove as much fly
ash and deposit material as possible. Washing of the heat pipes begins with the bottom module. The
cold-end deposits are hard but are easily removed through a combination of deluge washing using
the stationary wash headers and hand lancing. To facilitate the cleaning, the heat pipe high pressure
air sootblowers are operated with the water sprays in service. This helps to loosen and break up
deposits attached to the tubes and fins. After all modules have been cleaned by deluge washing.
plant personnel inspect the modules. Cleanliness is determined by viewing, from the top side of a
module, a light placed under the module. In this fashion the modules are inspected row by row.
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Plugged areas are noted and manually cleaned by water jet using 1/4" tubing lances attached to fire hoses.

Figure 26. Wash pipes above top heat pipe module.

With experience, heat pipe washing has become more routine. Plant personnel have reported that heat
pipe washing originaly took seven days to complete and used more than 400,000 gdlons of water.
Currently, the hest pipes can be cleaned in 2.5-3 dayswith less than 200,000 gallons of water. The water
usage isnow smilar to what isrequired for the Unit 1 Ljungstrom units.

5.7 Infrasonic Cleaner Testing

The origind air sootblowers were not very effective in kegping the heat pipe cold-end tube modules free
of depogits. Both the sequencing and frequency of sootblowing were changed without much success. To
improve deaning NY SEG decided to evauate the Infrafone™ sonic cleaner on the 2A heat pipe. This
device produces low-frequency (infrasonic) sound energy, whichisintroduced into aboiler or duct cavity.
The sound energy acts within the flue gas volume and activates any fly ash or particulatein the gas stream,
keeping it in motion and thereby inhibiting its accumulation on surfaces. Thetechnology isused in Europe,
Japan, and the United Statesin both oil-fired and cod-fired boilersto clean economizersand air prehesters.

Figure 27 shows the genera equipment configuration of the AP-5000 Infrafone indtalation a Milliken.
System design specifications are presented in Appendix |. The ingdlation conssts of alow frequency
sound generator (pulsator), aresonancetube, and arotary |obetypeblower packagewhich suppliesmotive
ar to the pulsator. The pulsator and resonance tube combination is connected
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to a ductwork port just blow the cold-end tube banks of the 2A heat pipe. To achieve the highest
cleaning benefit, the decision was made to operate the Infrafone continuously rather than

intermittently. Once the performance was established, the intent was to begin intermittent operation
to establish the minimum required cleaning level.

STRUCTURE STEEL
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]]\SPRING
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FLEX HOSE
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INLET FILTER
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FLOW
_— V— =
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BLOWER BLOWER SKID 100HP
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HEAT PIPE OUTLET
DUCTWORK

Figure 27. General layout of infrasonic cleaner system.

Although initial operations of the infrasonic cleaner indicated reduced fouling in the 2A heat pipe.
subsequent operations without the cleaner in service indicate that the effect was marginal for the
Milliken installation. These conclusions are supported by Figures 25 and 28 which show high boiler
load, flue gas-side pressure drops for both heat pipes. Since tube fouling restricts the gas flow in
the heat pipes, the flue gas side pressure drops adjusted to a common basis can be used to follow
fouling. Figure 28 shows the pressure drop behavior after the Infrafone was first placed in service
inearly April 1996. Between April 17,1996 to July 19, 1996, there is a slight decline in the 2A heat
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pipe pressure drop (4.5 in.WC dropping to 4.0 in. WC), indicating that the cleanliness of the 2A heat
pipe was perhaps improving. At the same time, the common basis pressure drop for the 2B heat pipe
increased from about 3.8 in.WC to 4.7 in.WC, indicating that the unit was experiencing increased
fouling.

Common Basis 160MW, Tin=680°F, Tout=253°F
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Figure 28. Flue gas side pressure drops and coal sulfur during first operation of Infrafone™.

On July 19, 1996 the Infrafone was shut down to allow repair of the ductwork between the 2A heat
pipe and the particulate collector. Infrasonic resonance vibrations caused metal fatigue which
produced cracks and holes in the ductwork. As shown in Figure 28, while the Infrafone was out of
service, the 2A heat pipe pressure drop increased from 4.0 in. WC to 4.5 in.WC indicating increased
fouling. However, for the same period, the 2B heat pipe pressure drop varied somewhat but overall
remained essentially constant changing from 4.7 in.WC to 4.8 in.WC; indicating little or no
significant fouling. When the Infrafone was placed back in service at 75% power, the pressure drops
across both heat pipes began to rapidly rise. The renewed operation of the Infrafone may have
suddenly loosened accumulated deposit and fly ash materials which then blocked flow channels as
the materials traveled downward through the cold-end modules. Alternately, the change over of the
plant fuel froma 1.8-2.2 wt. % S to a2.8-3.0 wt.% S coal may have increased acid deposition in the
cold-end modules causing the pressure drop rise. Unlike early in the run, operating the Infrafone at
a 100% power level did not again reduce the pressure drop across the 2A heat pipe. When Unit 2
was shut down in October 1996 after six months of operation, the cold-end fouling in both heat pipes
was by visual inspection, essentially the same.
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Figure 25 provides additiond evidencethat the use of theinfrasonic cleaner did not sgnificantly reduce heat
pipe fouling. The figure shows the heat pipe pressure drops on a common basis and the as received coal
aufur levelsfrom March 1995 to April 1998. Thefirst two periods show the behavior before theinfrasonic
cleaner wasingdled. Thethird and fourth periods are plant operating periods when the infrasonic cleaner
was operated. The last two periods are with the infrasonic cleaner out of service. Fouling rates are
relatively low for thefirst period (3/95 - 9/95) when coa sulfur levelswerelow at 1.8-2.1 wt. % Sand the
heat pipe therma performance was degraded, due to gas generation in the ngphthaene filled tubes which
kept cold-end temperatures high. Between periods 1 and 2, repairs were made to the heat pipes to
remove the noncondensable gases from the ngphthaene tubes and the heat pipes were partidly washed.
The second period data shows that the partia washing was not adequate since fouling of both heet pipes
was very rapid.

Between periods 2 and 3, the Infrafone wasinstalled and specid care wastaken in cleaning the hesat pipes.
During periods 1 and 2, the 2A hest pipe fouled more quickly than the 2B unit. For periods 3 and 4 with
the Infrafone operating, the 2A heat pipe fouled somewhat more dowly than the 2B heat pipe indicating
that theinfrasonic cleaner provided some benefit. This, however, now appearsto be an operationd artifact
snce the 2A heat pipe also fouled more dowly during period 5 when the Infrafone was not operated. For
period 6, fouling rates appear to be about the same for both heat pipes. These results show that the
Infrafone was not able to sgnificantly improve on-line cleaning above what was achieved with the air
sootblowers.

It iswdl known that dry ash particles and deposits are more readily activated by sound than are sticky
particles or depodits. As previoudy mentioned in Section 5.5, the heet pipe fouling occurred in the cold-
end modules and was associ ated with sulfuric acid condensation from the flue gases. In such acondensing
environment, the Infrafone sonic cleaner was not expected to diminatefouling, but rather toimpedetherate
of fouling and buildup. The Infrafone may work well in other utility boiler applications but its use does not
appear to be of benefit in reducing heet pipe cold-end fouling.

Because of the penetrating nature of low frequency sound and the high acoustic energy levels used, any
gpplication of infrasonic cleaning technology must address excitation and possible resonance vibrationsin
equipment and structures. At Milliken when the Infrafone was operated, the concrete flooring below the
Unit 2 precipitatorsvibrated enough that therewas concernfor failure dueto aposs ble resonance situation.
Structura dynamics and vibration studies determined that the vibration caused by the Infrafone was not
detrimentd to the structurd integrity of the flooring. However, ductwork leading to the precipatators and
the 2A hest pipe suffered damage caused by the intense low frequency sound. Figure 29 shows some of
the metal cracking which occurred in the ductwork from the 2A hest pipe to the 2A precipitator. This
vibration problem was cured by giffening the ductwork. The ductwork (34' x 2.5' cross section) was
interndly stiffened using 4-inch diameter pipes welded, at severd devations, across the 2.5 ductwork
width. Sixty diffening pipes were inddled. To provide some sreamlining and reduce the gas flow
turbulence around the gtiffeners, 2'x2" angleiron strips were welded to both the leading and trailing edges
of each pipe.

Figures 30 and 31 show some of the cracking which developed in the primary flue gas/secondary flue gas

divisonwalsinsdethe 2A heat pipe. Figure 32 showshow vibration of thesdewall or possibly thefinned
tube caused 5/8" degp dotsto be cut into a gas diverson plate in the 2A heat pipe
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Figure 30. Vibration-caused wal cracking in the 2A heat pipe at an interna sootblower [ance port.
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Figure 32. Vibration cut dotsin gas diverson plate of 2A heat pipe.
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cold-end module. After the internal damage was discovered, the decison was made to cease further
operation of the infrasonic cleaner.

5.8 Sootblower M odifications

To compare the Infrafone operation with improved sootblowing, modifications were made to the row of
sootblower lances located above the cold-end module (Module D see Figure 7) of the 2B heet pipe. The
standard 1/2" diameter Bergemann cone nozzleswerereplaced with specid 5/8" diameter diverging venturi
nozzles (CFE nozzles) on four lances. This alowed the peak impact pressure at the heat pipes to be
increased without consuming additiond arr.

The performance of the Infrafone againgt the modified sootblowers was discussed in the previous section.

Since the Infrafone was not operated during the last two plant operating periods (see Figure 25), a
performance comparison can be made between the origindly ingtaled sootblowing lancesin the 2A hesat
pipe and the modified lances in the 2B heat pipe. The heat pipe pressure drop data shown in Figure 25
do not indicate any sgnificant benefit of usng the CFE nozzles. Toward the end of the fifth operating
period, the 2B heet pipe pressure drop actudly rose more rapidly than for the 2A hesat pipe, indicating
possible poorer performance. However, for the sixth operating period, the level of cleaning gppearsto be
about the same for both heat pipes. These results do not show improved cleaning performance for the
Milliken gpplication of the CFE nozzles.

6.0 HEAT PIPE AIR HEATER PERFORMANCE BENEFITS

6.1 Thermal Performance Comparison with Rotary Air Heater

Origindly the Milliken Units 1 and 2 were both equipped with rotary (Ljungstrom) ar heaters. For the
Milliken CCT-IV program, only the Unit 2 Ljungstroms were replaced with heet pipe air heaters. Since
Milliken Units 1 and 2 are essentidly identical units with identica capacities, conducting Smultaneous
detailed performance tests would be an ideal means of comparing the performance of the two air heater
sysem designs. However, this was not part of the Milliken test program. It would have doubled the
detailed testing costs and would have required ingtdlation of many new test ports around the Unit 1 air
hesters.

To compare the heat pipe ar heater therma performance againg the Ljungstrom system, data for ESP
performance tests conducted in 1994° were used. The ESP data included coa andyses, and ESP inlet
ductwork (air heater outlet) pitot traverses which provided average flue gas compositions and
temperatures. Thedatadid not includeair heater inlet gas compositions and temperatures, so thetota heet
recovery intheair heaters could not be determined for the comparison. However, the datawere sufficient
to caculate the flue gas heat |0sses to the stack based on the ESPinlet conditions using the method shown
in “Steam/its generation and use.”® Assuming Similar air heater inlet conditions, lower heat losses to the
stack indicate improved therma performance. Table 9 summarizes the stack heet losses. The detailed
cdculations can be found in Appendix J. The results indicate, that in aclean condition, the new heet pipe
ar heaters are just as thermdly effective asthe origind Ljungstrom units. Both air heater sysemsleaveas
sengble heet about 9.9% of the energy contained in thefue with the flue gasesflowing to the FGD or stack.
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6.2 Air Leak Reduction Benefits

The results presented in Table 9 also show that the excess air levels at the outlet of the Ljungstrom
units were typically 12% to 24% higher than for the heat pipes. The higher excess air levels are due
to air side-to-flue gas side leakage within the Ljungstrom air heaters. The leakage increases the
power requirements for the primary air, secondary air, and induced draft (ID) fans and can result in
more pumps being placed in service in the FGD. For Units 1 and 2, typical fan power data obtained
at approximately one-month intervals between November 1996 and February 1998 are shown in
Figure 33. The data are for stable operating periods when units 1 and 2 were operated together at
approximately the same boiler loads with the economizer exit oxygen concentrations at similar levels
(see Table 10).

Figure 33 shows that the Unit 1 fan amperages are significantly higher than the Unit 2 amperages
under both low and high boiler load conditions. The differences are approximately 103 amps and
120 amps at boiler gross loads of 100 MW and 160 MW, respectively. Assuming a 0.90 power
factor (PF) for the fan motors, the amperage differences are equivalent to 0.67 MW for the 100MW
gross load operation and 0.78 MW for the 160 MW gross load operation.' These differences
represent 0.67% and 0.49% of the low and high load gross power generations, respectively. The
results indicate that the use of zero air leak designs, such as provided by the heat pipe air heaters, can
provide small but significant performance improvements which can reduce power generation costs.

g 650

© “o

-

< 600 o
D,-.-dgo

o 550 o)

£ &

< o,

s 500 == -

2 o — E/‘i‘

& 450 s Y Y )

C

T

o 400 P

=

0 350

4 |

Q- 300 ‘» |

90 100 110 120 130 140 160 160
Boiler Load, MW gross
o Unitl with Ljungstrom AH = Unit 2 with Heat Pipe AH

Figure 33. Fan power requirements for Milliken Units 1 & 2.
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Table9

Stack Heat L oss Comparison for Ljungstrom and Heat Pipe Air Heaters

Milliken Unit 2 -- Full Boiler L oad Operations

Air Heater Type
Date
Flue Gas Temp, °F
Composition, mol. %
02
Co,
N,
% Excess Air
Stack Heat Loss (1)

Avg. Heat Lossto Stack

Air Heater Type
Date
Fue Gas Temp, °F
Composition, moal. %
02
Co,
N,
% Excess Air
Stack Hesat Loss (1)

Avg. Heat Lossto Stack

Ljungstrom
4/18/94 4/19/94
264 266
70 71
125 124
80.5 80.5
49 50
9.90 10.09
9.92
Heat Pipe
10/17/95 10/18/95
289 24
58 58
133 132
810 810
37 37
10.07 10.16

4/20/94

258

71
124
80.5
50
9.77

5/14/9%6

288

44
145
812
26
9.64

9.93

5/15/96

290

4.6
143
81.2
27
9.81

11/7/9
292

4.6
143
811
27
9.86

11/8/96
281

49
140
811

10.05

(1) Percent of Fud Enerqy
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Table 10
Performance Summary for Units1 & 2
Date Time MW Gross Economizer O2, Fan Currents, Amps (1)

M/DIY Hr:Min Unitl Unit2 Unitl Unit2 Unitl Unit2 Diff. (2)
11/8/96 06:00 - 08:00 1511 158.4 3 3.2 5859 4756 -110.3
11/8/96 08:00 - 12:00 1575 158.5 3 3.2 606.6 4725 -134.1
11/8/96 12:00 - 16:00 1542 1577 (3 3.2 596.6 4719 -124.7
1/9/97 10:00- 12:30 154.7 158.3 33 33 5978 477.0 -120.8
1/9/97 16:00 - 20:30 156.6 157.8 33 34 606.3 479.4 -127.0
2/11/97 08:00 - 12:00 1575 159.7 3.3 3.3 605.7 4905 -115.2
2/11/97 12:00 - 15:00 157.8 159.1 33 33 607.3 489.6 -117.6
2/1197 20:00 - 23:00 1045 103.9 45 45 490.2 3883 -101.9
3/1/97 03:00 - 05:00 157.3 157.4 33 33 6109 4917 -119.2
3/1/97 07:00 - 13:00 150.8 150.6 34 34 591.7 4701 -121.7
3/197 14.00 - 24:00 109.0 1075 4.4 45 4988 394.8 -104.0
4/22/97 00:00 - 05:00 105.1 102.2 4.9 4.8 4949 3844 -1105
4/22/97 07:00 - 14:00 1572  156.8 36 3.3 6186  467.7 -151.0
4/22/97 20:00 - 21:00 1505 1536 34 33 550.6 4552 -95.4
5/3/97 04.00 - 07:00 1155 113.0 4.2 4.6 5141 4028 -111.3
5/3/97 08:00 - 12:00 156.5 154.6 3.3 3.3 6345 4745 -159.9
5/3/97 19:00 - 21:00 109.5 110.8 4.4 4.4 5005 394.8 -105.8
6/2/97 14:00 - 18:00 1541 1548 29 3.3 5635 4675 -96.0
6/2/97 18:00 - 21:00 156.2 155.7 34 33 585.8 4679 -117.9
71497 01:30- 04:30 959 1021 53 4.8 457.2  349.7 -1075
8/1/97 00:00 - 05:30 106.7 104.8 4.2 4.6 492.7  390.0 -102.7
8/1/97 10:00 - 16:00 157.3 157.9 31 33 604.2 4853 -119.0
8/1/97 19:00 - 22:00 1569 1579 3.0 3.3 602.8 4716 -131.3
9/4/97 11:00 - 16:00 158.4 156.7 34 33 603.2 486.3 -116.9
9/30/97 12:00-13:30 Off Line 1535 Off 29 Off Line  474.6
11/5/97 08:00 - 18:00 156.5 158.0 3.3 3.3 508.2 4831 -115.2
12/2/97 08:00 - 16:00 157.9 158.4 33 33 630.6 476.2 -154.4
1/30/98 06:00 - 08:00 1549 156.3 34 3.0 583.9 4575 -1264
1/30/98 08:00 - 12:00 1556 156.1 33 3.0 5655 4544 -111.2
1/30/98 12:00 - 16:00 156.2 156.6 33 3.0 5542 4525 -101.7
2/16/98 01:00 - 03:00 156.5 155.1 31 3.2 539.1 4550 -84.1
2/16/98 04:00 - 06:00 155.8 154.8 31 33 535.0 456.2 -78.8
2/16/98 18:00 - 20:00 155.3 1545 31 3.2 529.2 4517 -715

(1) For Primary Air, Forced Draft and Induced Draft Fan Ampsat 4160V.

(2) Unit2- Unit1Value.

(3) Problem With Analyzer Signal.

7.0 PERFORMANCE MONITORING

7.1 On-Line Monitoring

The Milliken Station boiler and FGD systemsare controlled using the Westinghouse Digtributed Processing
Family (WDPF™) didtributed control syslem. Control room operators communicate with field data
processing units (DPUs) through CRT terminals to monitor and adjust process conditions.
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The WDPF system automatically stores the process operating data on VAX-4300 computers. This
provides historical data files and allows plant operators to view trend plots of most process variables.
The basic configuration of the monitoring and control system is shown in Figure 34. The figure also
shows the set up for remote monitoring which was used by CONSOL R&D to obtain daily operating
data for process performance tracking and evaluation. Most of the data used by CONSOL to follow
heat pipe performance changes were obtained using the remote monitoring system shown.

" Field Data |
. Processing .
. Units (DPUs)

Control Room NYSEG
Operator Consols Terminal

Wutmghoun Distributed; : VAX-4300 Computer D LOTUS’“‘
- lg’;owsmg Family NYSEG Historical > > Files |

— Ttwnre (WDPF™) ‘ . Data Storage /%

Special Request ‘
Dats !
PI Software i

i PCH/PCs For Unit 1, Unit 2 & FGD :
Drtve E:or F: Historical Data For Remote Access <

Current Day’s Data == h - S
File:@hhmmddM.ysc PCAnyware Software
Al A

Data Transfer
@ 00:00 hrs
Drwe G

@hhmmddM.ysc
Files

Remote Computer
(CONSOL)

< < - | Historical WDPF
|

a.g/ g.‘/ e > > Files Converted to

Modems Copy Files: - Asﬂl!’i"ts —

PCAnyware Software @bhmmddM. sey

0S/2 & WDPF \4

Software ASCH Files
Converted to
LOTUS
Spreadsheets

=3 Automatic Operations @< \ﬁ . ‘/j

e

» Manual Operations Engineering Analysis Network File Tape Backup of File{
Data Reduction Server

Figure 34. Milliken process control and data acquisition systems.

7.2 Remote Monitoring

Plant data are collected by the Westinghouse WDPF Data Acquisition System. This system includes
three PCH/PC data collection personal computers (PCs). Separate PCH/PC units are interconnected
to Unit 1, Unit 2, and FGD Unit. Each day, data from the WDPF system is accumulated in a separate
file in the E: or F: drives of the PCH/PC computers. The file name, @hhmmddM.syc, identifies the
data collection start times where:

hh = hour

mm = minute

dd = day

M = month (0-9, N, D)
y = year (0-9)

-63 -



At 12:00 midnight, these files are transferred to the G: drives and new day files are started on the E: and
F: drives. Fileson the G: drive are then available for remote access and retrievd.

CONSOL retrieves data from the PCH/PC computers via telephone modem using pcAnywhere™
software. The historical WDPF day filesare trandferred to aremote computer in Library, Pa. Beforethe
data can be evauated, the WDPF day fileswhich arein aproprietary format must be converted to ASCI|
format which isthen used to generate Lotus™ files. The Lotusfilesare placed on a Network file server

for access by engineers performing data andysis. Periodicaly the datafiles are backed up and archived
on tape.

The PCH/PC computers store only a portion of the data collected by the WDPF system since not dl the
data are of interest in the performance evauations of the boilers, ar heaters and FGD system.
Occasiondly, data not stored on the PCH/PC computers must be retrieved. This is done by specia
request to the plant. The needed data are obtained from the plants V AX-4300 computer or from optical
disk storage files. The data are converted to Lotus files at the plant which can then be forwarded to
CONSOL or placed on the PCH/PC computer fixed drives for remote retrieval.

For amore detailed description of the remote data retrieval system refer to Appendix K.
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